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PREFACE TO THE FIRST EDITION 


This book embodies the material of the lectures to the students 
in the two courses in General Botany given in the University of Cali- 
fornia. One of these courses, given at the Branch of the Agricultural 
College at Davis, is for agricultural students exclusively; the other, given 
at Berkeley, is attended by both agricultural and liberal arts students. 
Since there are frequent, interchanges of students between the two 
institutions and since both courses serve as prerequisites for the same 
advanced courses, it is desirable that the two courses be essentially 
equivalent. During frequent conferences the authors of the present 
volume, who are responsible for the two courses, have on the basis of 
their experience in elementary botanical instruction in several univer- 
sities and agricultural colleges found themselves in agreement upon the 
following points: 

(1) That the agricultural studejit will profit more by a broad survey 
of the whole field of botany, in as far as that is po.ssible or desirable 
in the elementary courses, than from a special course for agricultural 
students restricted to those aspects of botany which are capable of the 
most obvious and direct application to agriculture. 

(2) That the general student in an elementary course in botany, 
no less than the agricultural student, will profit by having the subject 
relatiid wherever possible to agricultural practices and problems, and 
by the use of economic pLxnts for illustrative material in every case 
where they will serve the particular end as well as any other plants. 

(3) That the ri'sults from such a course are likely to be more satis- 
factory if a relatively small number of forms and processes are dis- 
cussed and studied with some degree of completeness than if the work 
is more superficial and extensive. 

(4) That the usual procedure of presenting the subject matter of 
such a course largely by means of formal lectures leaves much to be 
desired and that a textbook which presented practically the whole con- 
tent of the usual lectures on the fundamentals of general botany would 
result in better teaching, since it would make it possible for the instructor 
to devote more of his time and energy to the more effective work of 
recitation, conference, and quiz. 
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(5) That, although an acquaintance with the activities of the plant, 
rather than with its structure, should be the primary aim of such a 
course, a knowledge of structure is essential to an intelligent under- 
standing of function. 

(6) That the text for such a course should be as fully illustrated 
as possible and that the usefulness of the illustrations would be greatly 
increased by direct labeling, wherever possible, of the parts of each 
structure illustrated. 

We have endeavored to embody all of these considerations in the 
present text. 

The text is designed for a yearns course, the material covered by 
Part I to be taken up in one semester and by Part II in a second semes- 
ter. However, Part I may be used alone. With the exception of the 
first and second, the Chapters of Part I have been so written that they 
may be taken up in any order desired by the instructor. If it is 
thought desirable to use Part II without taking up all the material in 
Part I, Chapters I and II may be used as introductory to Part II. 
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PART I 


The Structure and PiiysioLCKiY op bEED-Bp;ARiNG Plants 

CHAPTER I 

INTRODUCTION 

The Sciences. — Botany is one of the great divisions of knowledge 
which we call the sciences. Botany and the various other sciences, 
taken collectively, are spoken of as science. Science is often defined as 
classified knowledge, but science means much more than a mere orderly 
iirraiigement of facts. Science includes properly only such facts as can 
be conveyed to the minds of others by definite and precise statement. 
It. does not pro[)(Tly include any facts which have not l)een verified 
and subjected to the test of experimentation or repeated accurate 
observation. 

Through cl.'issification and comparison of such facts, there are often 
brought to light c(Ttain broad and general truths which enable us to 
embody in one statement a great many known facts and to predict, 
with griRit cenainty and without repetition of observations or measurc'- 
ments, a great many other facts. The discovery of these general truths, 
or natural laws, as they are called, is the most important goal of science. 
In the S('ar(!h for such laws, scientists make use of certain tentative ex- 
planations, or hypotheses, which are products of the imagination of the 
scientific worker and are in agreement with many of the facts which 
are known about the subject under consideration. Many hypotheses 
are soon shown to be wrong, but. a hypothesis which survives the test 
of newly discovered facts and is not displaced by sonu; more reasonable 
hyj)othesis attains in time to the dignity of a theory. A theory is not 
recognized, however, as a natural law until it has long stood the test 
to which it is constantly being put by the discovery of new facts. Many 
th(N)ries which have finally b('en abandoned because of their failure to 
meet this test have, nevertheless, by reason of the stimulus which they 

1 



2 


INTRODUCTION 


have given to i.he imagination of scientific workers and to experimenta- 
tion, greatly contributed toward the advancement of science. 

The methods of science are intellectual; they are based upon reason 
and logic, not upon prejudice, sentiment, or emotion. Accurate obser- 
vation, measurement, and experimentation, verification of the facts thus 
revealed, the classification and comparison of these facts, and, finally, 
strictly logical inference from these facts — these are the methods of 
science. Science is the concern of the head, not the heart. Knoumig, 
in the intellectual sense, may not be the most important thing in life, 
but it IS the onl}" tinng with which science is concerned. The critical 
student will always be on his guard against those who, through ignorance, 
superstition, sentimentality, or self-interest, present as scientific truth, 
statements w’hich have not l)een properly verified or are utterly false. 

On the other hand, although there is no valid reason why any fi(‘ld 
of human knowledge or experience should b(‘ closed against scientific 
inquiry, yet many of the most import.ant facts of human (ixperitaice, 
having to do wath emotion, sentiment, and faith, are by no means 
purely intellectual in their nature, and their worth is not necessarily 
to be judged by the purely intellectual standards of scicmce. To insist 
that their value be judged by such standards is no more justifiable than 
to pennit emotion and sentiment to enter into scientific thinking. 

In this age in which we are able to converse w’ith each other half 
way around the w^orld, to travel hundreds of miles an hour through the 
air, to make machines perform most of our foriiKU’ drudg(‘ries, and to 
avert, by the application of scientific knowd(alge, many of man’s most- 
dread diseases, it is quite unnecessary to emphasize the im])()rtance of 
science. 

The constantly increasing store of truth wdiich it furnishes and it.s 
great practical utility in our modern life are recognized by all. Nor luv, 
its benefits entirely material. From the pursuit of scientific truth many 
persons secure satisfaction of a very keen and elevating sort; and a 
knowledge of the law^s of the universe wFich surrounds us ha.s led many 
to a finer appreciation of the order and beauty of nature. 

Most of the sciences have to do with material things, the substances 
of which they are made, their fonn and structure, and the changes 
which they may undergo. These sciences an^ sorrK'tirnes spoken of 
as the concrete sciences, to distinguish them from math(anatics and 
certain other sciences which are called the abstract sciences and whicli 
are not concerned primarily with materials or objects. The conende 
sciences may be divided into those which an* concc^rned chi(^fly with 
non-living things (the physical sciences) and those which are concerned 
with living things or organisms (the biological sciences). To the 
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group of the physical sciences belong chemistry, physics, geology, 
astronomy and many others. 

Botany and Zoology — Distinctions between Plants and Animals. — 

It, is customary to divide all organisms into the two groups or kingdoms, 
I>lants and animals, and, accordingly, we recognizer two major biological 
sciences, botany and zoology. However, certain brandies of the study 
of animals, such as human anatomy, physiology, and psychology, and, 
similarly, certain divisions of the study of plants, such as bacteriology 
and plant pathology, are commonly spoken of as if they were inde- 
pendent sciences because of their great significance in relation to human 
affairs. To define botany as the science of plants and zoology as the 
science of animals seems at first thought to distinguish clearly between 
the two biological sciences. On looking further into the matter, how- 
ev(ir, we find that the distinction is not so clear as it seemed, for it 
is by no means easy to define the familiar words, plants, and animals. 
Iiid(‘ed, it is impossible to draw a sharp line of distinction which will 
sej)arate all plants from all animals, but the following points of dif- 
ference apjil.y to most plants and animals: 


PI.ANTS 

1. The ^reat majority of plants are not 
able to move from ])lac*e to ])lace. Many 
simple j)laiits are, howevaa, capable of 
such movement ilocornotion ). 

2. In most plants e.ach of the cells, or 
minute mass(*s of living sui)st.ances of 
which th(' l)()(li(‘s of all or^anisim^ are 
made u}), is sui rounded by a relatively 
rii;id A\ all. 

3. Mod plants have the jiower of 
buildiniz; up from very simple substances, 
secured trom the soil and from the atmos- 
])here, the complex substances called 
foods which arc us(‘d liy all jilants and 
animals to increase and replace living 
sulistance and for other life processes. 
J^lants, therefore, could exist in a world 
devoid of animals. 


4. Tn most plants growth and develop- 
ment proceed m an unlimited fashion. 
New organs and ti.ssiies continue to be 
produced throughout the life of the plant. 


ANIMALS 

1. T^ocomotion ('movement from place 
to place) is characteristic of most ani- 
mals, although many animals, such as the 
sjionges and the sea anemones, grow 
attached throughout most of their life. 

2. The cells of jinimals are generally 
Avithout such surrounding walls. 


3. Animals are unable to make their 
own foods. They must secure them from 
plants, either directly or through other 
animals. In a world devoid of plants, 
animals could not long continue to live. 
This, which is the most important dis- 
tinction between typical plants and typi- 
cal animals, does not, however, distin- 
guish all plants from all animals, for 
there are several lai*ge groups of simple 
plants which are unable to make foods. 

4. In animals, on the other hand, or- 
gans are fairly well formetl in the embryo, 
and growth and development consist 
chiefly m their enlargement and maturing. 
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Among the larger and more complex organisms, such as trees, shrubs, 
reptiles, birds, and mammals, for example, there is little difficulty in 
distinguishing which are plants and which are animals, but among the 
simplest organisms, such as certain one-celled aquatic forms, it is ofteji 
very difficult and sometimes apparently quite impossible to maintain 
any distinctions between them. We do not know just what kind of 
organism was the first to come into existence on this earth or whether 
such kinds of organisms still exist or have become extinct. Certainly 
these first organisms must have been plant-like, since only plants are 
able to combine the simple substances, watcT and certain constituents 
of the soil and the atmosphere, into the com})lex sul)stances which we 
call foods without which animals can not exist. According to the 
theory of evolution it is from these first simple plant -like organisms that 
there have developed by relatively slow changes all the hundr('ds of 
thousands of different kinds (species) of plants and animals which now 
exist upon the earth. The first somewhat animal-like organisms which 
evolved from these original plant-like organisms were pro])al)ly much 
like the latter. The differences could only hav^e becai distinguished by 
very car(‘ful study of their behavior. The simi)lest living things which 
exist today are doubtless very like those early forms and it is accordingly 
no easy matter to distinguish among them tlu^ plants from th(‘ animals. 
They include organisms which are considered by some to be plants and 
by others to be animals. Because of this, these' organisms havei coiner 
to be studieel by both beitaiiists and ze)e)logist s. As evolution weait on, 
and me)re and more complex and larger organisms evolved, the dis- 
tinctions between plants and animals became more and more marke'd. 

The name protoplasm has l^een given to the living substance e)f both 
plants and animals. It is essentially similar in these' two gre)ups e)f 
organisms, and the principles which underlie the structure', de'vt'lopmeuit , 
and activitie's of the'se two groups arei fundameait ally the same. Botany 
and zoology are, the.Tf'fore, not unrelated sciences but havei much com- 
mon ground and are to a large degree inte'relepemdent. 

Similarly, eve^ry scie*nce overlaps aiiel shares })art. e)f the fiedd of other 
sciences. Thus, the biological sciemces, botany and zoology, nuH't 
physics in the field of bio-physics, cheanistry in the' fie'ld e>f bie)-chemistry, 
and geology in the field of paleontole)gy, which is the study of the fossil 
remains of plants and animals. In such cases each of tln^ science's con- 
cerned may cemtribute new facts to thei e)theT. Ilnis thei information 
which the botanist is abl(‘ to supply as te) the structure and relationship 
of the plants whose fossil remains are found in the rocks may assist 
the geologist in judging the age and origin e)f the)se' re)cks. The botanist, 
on the other hand, is indebted to the geiologist for help in locating fossils 
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of extinct plants and in gaining knowledge of the ancestors of present- 
day plants. 

Pure and Applied Science. — Science is often divided into pure sci- 
ence and applied science. By pure science is meaTit scientific knowl- 
edge pursued without regard to its practical application to agriculture, 
industry, medicine, or oth(T material iiiten^sts. The worker in the field 
of pure science belic'ves that the search for new facts and new laws is 
worth while for itsc'lf. The worker in the field of applied science prefers 
to direct his effort toward the securing of scientific facts which can 
])(' utilizf'd to imi)rove the quantity or (juality of some crop, to better 
the ])reeds of domestic animals, to develop improved methods in hygiene 
or mediciiK', 1o make more economical some manutacturing process, or 
to add ill some other way to man’s comfort or material well-being. 
Sei(‘nc(' had its b(*ginnings, it is true, in the ol^servations and specula- 
tions of the anci(‘nts ndntive to things which were of immediate and 
practical interc'st and iiiiportanc(‘ to them. Historically interesting 
as ar(' tlu'se (*;irliest rc'corded observations of the plants and animals 
which furnish(‘d th(‘ ancients with food, clothing, and medicine, there 
was littU^ r(‘al scientific progress until late in the Middle Ages, when 
there cam(‘ into the world that- spirit of pure scholarship which seeks 
to learn the truth without- regard to its practical worth. Many of 
thos(' who laid th(‘ groundwork of modern chemistry, physics, and tin' 
biological sci(‘nc(‘s, as w(‘ll as of scientific agriculture and medicine, 
worr not in the l(‘ast concfTiK'd with the economic importance of what, 
they l(‘ani('d. W’orki'rs in jnire science are constantly enlarging our 
fundanuMital knowk'dge, and incidentally revealing much of which 
tlie worker in a]iidi(‘d sciimce can make practical use. On the other 
hand, those who an* si'eking to solve practical problems have made 
many discoveri(\s of gn'at fundamental importance to pure science. 

Fields of Botany. — Pure botany is commonly divided into syste- 
matic botany, plant morphology, and plant physiology. 

Systematic botany, or taxonomy of plants, is concerned with dis- 
tinguishing th(‘ diffenmt kinds of plants, describing each kind accurately, 
giving to each a i\am(', and set'king to classify the different kinds so that 
those which an* most closely related will be within the same group. 

Plant morphology, which is conccTiied with the structure of plants, 
is g(m(Tally subdivided into external morphology and anatomy. The 
first of these subdivisions has to do with the form, arrangement, and 
relationships of the organs of the plant and with their structure in so far 
as these things can be studied without cutting into the plant body. 
Anatomy, which is the study of (he internal structure of the plant, 
includes histology and cytology. Anatomy is the study of the internal 
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structure of the plant. A phase of anatomy is cytology which is con- 
c(Tn(‘cl ^\ith the structure of the* minute masses of living material (proto- 
j^lasrn) by which the w\alls arc built up and which ar(‘ responsible for the 
‘;rowth of the jdant and for all other life processes. It is obvious that it is 
iK'cessary to know the structun' of a plant if we are to classify it properly, 
or to understand its activities; just as it is necessary, for examjde, to 
know the structure of the eye, if we are to understand the function, sight. 
More specifically, to know adequately how a leaf manufactures food, it is 
essential to have an understanding of its structure, that is, its morj)hology. 

Plant physiology is the study of the activities of plant s, t he princi])al 
ones of which are growth, methods of get ting the mat ('rials from which 
th('y make foods, the building up of tlmse foods, and the procc'sses ])y 
which tlu'y produce other plants like themselves, dlie plant i)hysi(dogist 
s('('ks not only to ch'seribe, measure, and analyze these proc(‘ss('S but to 
reduce them to the terms of physics and chemistry. In plant ecology, 
which is a branch of plant physiology, particular attention is given to tla' 
n'lations betweem plants and their ('nvironnu'iit in nature, that is to the 
soil, to temperature, to moisture supply, to light, and to the influenc('s of 
the other plants and the animals which are ass(.)ciated with th(‘m. Plant 
ecology se(:‘ks to determine, among otluT things, why certain plants are 
restrict (xl to particular locations and why thc'y are gcajerally found grow- 
ing with c('rtain otlu'r plants and with c('rtain animals. There an' many 
otlu'r spc'cial fields of i:)ure botany which it is impossi])l(‘ to discuss h(‘re> 
on account of limitation of space. 

Applied botany, or econoriiic botany, includes forestry. ])Ianl l^n'f'd- 
ing, plant palholo^iy^ (the study of llie diseases of plants), iiort ic.ult un' 
(the study of orchard and garden ciopsj, agronomy (th(' study of 
fi('ld crops), and in fact all those branches of sck'iitific agricultun' which 
have to do with plants. The Clovernment of the Unitc'd Stall's, through 
th(' Bureau of Plant Industry and other agcaicic's, and th(‘ difu'rent. 
states, through thc'ir ('xpc'riiTK'iit stations, provide' for tlu' inv('stigation 
of a large nurnbc.'r of probkans in applu'd botany and for the dissc'ininn- 
tion of the results of these investigations among faniH'rs and otluTs. 

Physical and Chemical Principles Fundamental to the Biological 
Sciences.— It is imjiossilile to study plants undf'rstaiidingly without 
some kn(_)wledg(‘ of fundamental phy^sical and chi'inical facts and i)i‘in- 
ciph^s. Particularly is this ('ss('ntial in considcTing tlu' ac^tivitic's of th(' 
plant and of its constituent c(dls, that is, m the study of plant, physiology. 
It can not be expected that all of those who us(‘, this book will have' 
received instruction in physics and chemistry. P'or the sake of those 
students who have not had such instnu^tion, and by way f)f n'vic'w for 
thos(i who have, tlu're will b(' introducc'd in this book, from tune to tim(', 
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brief statements of the physical and chemical conceptions essential 
to a propel* understanding of what follows. To set off these parts of 
the text from the purely botanical portions finer print will be used. 
The parts in fine print, however, are not to be considered of less impor- 
tance than the rest of the book. They are a])solut(^ly essential to a 
proj)er understanding of the rest. 

By way of introduction to these scattered notes are the following 
statements of fundamentals. 

Through his senses man is aware of the existence of the universe about him. lie 
S(‘es, liears, fc'els, tastes, and smells it. If sight, hearing, sense of toiadi, taste, and 
smell w(‘re lost he might through his memory still be aware that various features 
of th(‘ universe had (‘xisted about him but would have no way of learning whether 
any jiarlieular fi'ature still existed. The universe is then to man but the sum total 
of all tlie f(‘a1ures which may affect one or more of his senses. All these features 
generally are spoken of in terms eitlier of mutter or of energy. 

Definitions, Their Use and Abuse. — It is necessary fhat these terms, matter and 
energy, be (h'fiiK'd Iktc, but IxTore that is done a note of warning must be sounded 
r(‘lative to tin; use of definitions. Definitions are essential if a writer or sjieakc'r is 
to (‘xjiri'ss hiins(‘lf (‘xaetly and to b(‘ clearly understood V.)y the reader or hearer. 
’'rh(*s(‘ dc'finitions should be wonhxl so as to express the meaning of the term in ques- 
tion as eomf)let('lv and pri'cisely as jiossible. The studi'nt is, however, likely to 
tall into two very st'rious errors in the use of definitions. First, he is likely to take 
definitions too seriously and b(' satisfied with mere definitions; and second, he is 
hk(‘ly to commit d(*finitioris to memory and be satisfied with mere words without 
regard to their real meaning. 

k concise slat (‘merit, such as a definition, can seldom make ch'ar the full extemt 
and the jirecise limitations of the meaning of a term. On that account the student 
should mak(‘ his ilefiiiit ions as nearly perfi'ct as possible and at the same time nev(‘r 
be satisfied without knowing more than mere definitions. 

It IS the ideas involved, not the wimls, which are the essential things about a 
di'finition, and wIk'ii a student learns the words liy rote he is simply degrading liis 
mind to the level of a mere automatic machine like the phonograiih or the telephone 
receiver. Any tendency to do this mav be avoided by trying, each time a givcni tcirm 
is dcfiiH'd, to state the d(‘finition in different words. 

Matter and Energy. — Matter is whatever has mass or occupies space. Energy 
is t!i(‘ capacity to do work. Diffenmt kinds of matter are called matermla. Sandstone, 
oxygen, salt, cane sugar, and wati'r are materials. We distinginsh different mat(‘- 
nals from each idhi'r by the way they affect our senses, that is to saj" by th(‘ir diff(T- 
(‘Mi properties. Thus W(‘ r(*cognize as sugar a white, sweet- tasting material which 
diss(jlves when ])lac(*d in watiT. Man has h'arned that he can, when he wishes to 
id(‘ntify a substance,, sujijilemeiit Iiis senses by oth(*r t(\sts, which are often more 
conclusive than the dinxd. evid(mce of the s(Mises Thus the chemist might make 
doubly sure that the sweet, white*, soluble mat(‘rial was sugar by detc'rminiiig at 
what temperature it melts (melting-point) or how the siihstanct^ in (iU(*stioii behaves 
when treated with some other known substance (reagent). 

Light, h(*at, iiK'chanii^al energy, and electricity are diff('r('nt forms of energy. 
.\ny oiK^ form of (‘uergy may be transformed into any other, and such transformations 
are constantly going oii within our owm bodies and all around us, but these changes 
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from one form to another are never attended by any loss or gain in the quantity 
of energy. 

Transformation of One Form of Energy into Other Forms. — The statements in 
the pree(‘ding paragraph will bo made somewhat clearer by means of illustrations 
taken from everyday life. The mechanical energy of a waterfall directed against 
a water wheel or turbine which rotates a dynamo is transformed into electrical 
<‘nergy. In our homes this electrical energy is transformed by the toaster or electric; 
stove into heat enc'rgy, by the electric light bulb into light energy, and by the motor 
into mechanical energy again. The dc'composition of water by an electric current 
into ox^^gen and hydrogen involves a transformation of electrical into chemical 
energy which may be said to be storc'd in the oxygen gas and the hydrogen gas. 
The hydrogen and oxj’^gen if mixed and lighted will burn and the chc;mical energy 
will be transformc'd into heat cmcTgy and light energy. If the mixture of gasc's were 
ignited in the cylinders of an automobile;, part of the resulting encTgy would be 
in the form of mechanical energy just as wdien gasoline vapor and oxygen explode 
in the operation of an automobile. Su(‘h transformations are of great imj)ortanc*,e, 
for the activities of plants and animals, inc'luding man, and all the* operations of 
industry consist largely of such transformations. 

Materials and Objects. — In considering matter it is important, to distinguish 
clearly between a material (or substance) and an object, (or l)ody). An object is 
a certain quantity of material having a characteristic form. Thus a quantity of 
(the material) water, having a rounded (generally sphcTical) form, is a watc'i* drop and 
a water drop is an olqc'ct. Similarly a round mass of air, visible of course; only whc'.n 
surrounded by a liquid or a solid, is a bubble. Air is a material, a l)u))l)le is an object . 
The material (kind of matter) of wdiicdi an objiH-t consists is generally sc‘c-ondary in 
importance' to its form and dimensions. Thus, cups may lx* of iron, silver, wood, 
glass, or clay; and from a single inatc'rial, iron, for instance', nails, rails, knivc's, hooks, 
beams, scrc'W’S, and a great variety of other objc'c.ts may be rnach'. 

States of Matter. — ^All the inatc;rials with whic*h wc; arc' familiar are solids, liciuids, 
or gases. By a solid we nic'an material in suc*h a stale that, a continuous mass of it 
can not flow or be poured. A solid clocks not take on thc‘ form of any vc'ssel in whic-h 
it is plac;c'd. A liquid, on the other hand, c.an be poured and always ac"commodatc*s 
itself, in as far as it fills it, tej the form of any c'mjity vessel in which it is placi'd A 
gas is invisible unlejss it lias a characteristic color. Furthermon', it not only tak(*s on 
the shape of any empty vessel (one containing not ev(*n gas) in which it is jilaced but, 
will expand to fill thi; vesscJ cornjiletely no matter how little IIh* quantity of tlx* gas. 
Solid, liquid, and gas are not difTiTcnt materials but m(;n*ly difTerent states, for the 
same material may exist in the three diff(*rent state's as in the* case* of ice, water, and 
water vapor. The; three states are charac,t(*ristic of the; mat, ('rial at low, inU'rnx'diate, 
and lugli temperatures. Thus butter at the temjieratiire of a warm summt'r day 
becomes a liquid, kerosene heati'd to a high temperature becomes a gas, and oxygen 
reduced to a very low temperature becomes fii-st a liquid and thi'ii a solid. A very 
remarkable fact having to do with the change from one state to anotlx'r, is that a 
considerable quantity of heat energy is lib(;rat(*d when a gas becomcis a liquid or a 
liquid changes to a solid. When the transformations are in the opposite order 
corresponding quantities of heat energy are absorbed. 

Density. — Every object has a certain weight. Its weight is an expnission of the 
degree to which it is attracted by the earth (attraction of gravity). Wt; d(;termine 
its weight by comparing its attra(;tion by the earth with the earth’s attraction 
for one or more standard objects (one or more; of a set of weights) arbitrarily (diosen. 
Weight is a property not of particular kinds of matter, but of a given object or a 
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certain volume of any particular kind of matter. We do not say that iron weighs 
8 grams and gold 19 grams. That is meaningless. We say rather that a cube of 
iron 1 centimeter on each edge weighs about 8 grams or that a cubic centimeter of 
gold weighs about 19 grams. 

The weight in grams of a unit volume (1 cubic centimeter) of different materials 
is its density. It is this differing weight of eciual volumes of different materials 
whi(;h we have in mind when we say that lead is a heavy metal and aluminum a light 
metal, or that cork is lighter than water. We should say that, of the two metals, 
lead and aluminum, lead has a density of 11.3, which is greater than the density of 
aluminum, 2.7; or that the density of cork is less than 1 (the density of wato). 
We have then only to weigh a cubic centimtitcr of a solid or liquid material to deter- 
mine its d(insity. Since given weights of matter almost always occupy a greater 
volume at, higher l-emporatures than at lower temperatures, that is to say expand 
and contract as the temperature rises and falls, the density of a material varies with 
tcmiperaturc. In the following table of some common substances the densities, 
ex(U'pt where otherwise aj)ccified, were determined at 18° C. 


Aluminum ... 2 7 Lead 11.2 

('ane sugar . . 1 59 Platinum . 21 4 

C'ommon salt .... . 2 10 Cllycerine 1 20 

(.k)rk ..02 Petroleum 08 

Gold 19 2 Quicksilver ... 13 55 

Iron 7.8 Water. . 0 998 

(at 4° th(^ density of water is 1; at a 
lower temperature or at a higher tem- 
I)erature it is less than 1.) 


Gases also differ in density. Hydrogen has a lower density than any other gas. 

Elements and Compounds and Mixtures. ~lii the ease of most materials, such as 
water, salt, cane sugar, etc., it is possible to decompose th(' substance into two or 
more different sirnjiler substanc.es. For instance, by the passage of an electric cur- 
rent through it, water may be decomposed into tin? two gases, oxygen and hydrogen. 
It is not- jiossible by ordinary chemical reactions to break down oxygen and hydrogen 
into simph^r substances.^ Similarly cane sugar can be decomposed or broken up 
into oxygen, hydrogen, and carbon, but carbon also has resisted all attempts to 
break it down into simpler component substances. 

Although chemists have analyzed thousands of different kinds of materials, 
they have found only about ninety of these simple elementary substances or elements. 
A f(*w of the best known or most widely distributed of the elements arc oxygen, 
nitrogen, hydrogc^n, carbon, sulphur, phosphorus, potassium, sodium, chlorine, cal- 
cium, magnesium, iron, aluminum, gold, silver, tin, platinum, and copper. Any of 
the eleiiKaits can exist in a pure condition, uncombined with other elements. 

All materials except such pure elements are either cow pounds or mixtures of two 
or more comjiounds or elements. A compound always consists of two or more 
elements united in certain definite and constant proportions. Such materials as 

^ There are, however, several elements (the radioactive ones) which break down 
spontaneously into other elements. Thus radium yields helium and lead. There is in 
the case of most of the elements no evidence of any spontaneous disintegration into 
other elements. Recently methods have, however, been devised, much more violent 
than Oldinary chemical reactions, by which certain elements have been artificially dis- 
integrated and synthesized. 
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water, cane sugar, and common salt are examples of compounds. Water, as we 
have already learned, is composed of the elements hydrogen and oxygen. When 
any quantity of water is decomposed the proportions of the two elements are always 
the same, two parts by weight of hydrogen to sixteen of oxygen. Similarly com- 
mon salt is composed of sodium and chlorine in the proportions by weight of 23 to 
35.5. It is this unvarying proportion between the quantities of the different ele- 
ments which distinguishes a compound from a mixture, for in the latter case the 
ingredients may exist in all conceivable proportions. 

Atoms and Molecules. — If it were possible to divide a piece of some (compound 
into smaller and smaller pieces, we would find sooner or later that we had particles 
BO fine that further division was impossible without, separating them into simplcT 
compounds or into the component elements. Such particles, the smallest particles 
of any particular compound, arc called molecules. 

All the molecules of a given pure compound arc alike and so have t he same weight. 
If we attempted to divide a molecule of water we would get oxygen and hydrogen 
instead of water. Molecules of a compound are composed of one or more units of 
each clement present,. These unit particles of any element arc all of the sauKi weight 
or very nearly the same weight. 

The following statements will serve to illustrate the relation of the terms just 
explained. A piece of cane sugar consists of a great many sugar rnolecniles all of 
the same weight. Each such molecule is made up of twelve carbon atoms, twenty- 
two hydrogen atoms and eleven oxygen atoms. A single atom of carbon w’eighs 
almost exactly twelve times as much as a hydrogen atom. 

Several atoms of a single element can combine to 



Fig. 1. — Theophrastus, the 
J'^ather of Botany, born in 
Asia Minor (Lesbos) 370 
B.C., died in Greece 285 b.c. 
(From Witt rock’s Cala- 

logus IlliLstralus Icoriothecae 
Botanicae.) 


form a molecule of that element. Thus oxygen gas 
under ordinary conditions is made uj) of oxygen 
moh'cules, each consisting of two oxygen atoms and 
similarly the molccuh^s of hydrogen consist of two 
atoms each. 

Pure Substances. — A material made up of only 
one kind of molecules or of only one kind of atoms 
is called a pure substance. If only one kind of atom 
is jirescnt in a pure substance the substances is an 
clement. If more than one kind of atom is jiresent 
it is a compound. 

Classification of Plants. — There exist 
today upon the earth over a cjuarttir of 
a million different kinds of plants. A great 
many kinds which flourished in the past 
ar(j now extinct. Among the many kinds 
now existing there are clearly certain ones, 
such as the different kinds of oak, which 
resemble each othtir more closely than th(\y 


do any other kinds of plants. From very 


early times, certain of these clearly marked groups of plants have been 


recognized and men have tried to classify such small groups of plants 


and animals in various ways. 
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The first serious attempt at the classification of plants of which we 
have record was made by Theophrastus, a Greek philosopher and pioneer 
in the field of science. He lived between 370 and 285 b.c. and was a 
student of both Plato and Aristotle. In his principal botanical work, 
The Enquiry into Plantftj Theophrastus shows such a keen perception of 
the essential difTerences between different kinds of plants, and such a 
genius for their classification, that he has been very properly called the 
first systematic botanist. His works include descriptions not only of the 
plants of Greece and adjoining countries but also of plants found only in 
couiitri(^s much farther east. 

His knowledges of these plants 
he owed largely to Alexander 
the Great, who took with him, 
on his expeditions into the 
East, trained men who could 
make accurate observations of 
the plants they saw. 

^ No very important ad- 
vance' over the work e)f Theo- 
phrastus was accomplished by 
other classical botanists or by 
those of tli(' JMieldle Ages, 
altlie)ugh r)i(jscorides about 
A.D. 80 describeel some fe)ur 
hiinelre'd medicinal plants in 
his Materia Medicaj which 
was in general use even up 

tx) the s('V(*nte'enlh ce^itury. 2. — Linnjeus (Carl von Linn^O (1707- 

Frorii about 1000 to the mid- 1778), the Founder of Modern Taxonomy, 
elks of the last century, great 

advanc(‘ was made in the field e)f plant classification, the most important 
re^pres(‘nt,ativ('- e)f the period being the Swedish botanist, Linnseus. Since 
his time there have been put forward several systems of classification, 
e‘ach re'pre'senting a distinct advance over the preceding. The most 
important of the^se were the classifications of Bernard and Antoine 
Laurent de Jussieu, that of A. P. de Candolle and his fellow- workers, 
einbodi(Hl in the Prodromus Systematis liegrii VegetabiliSf that of Ben- 
tham and Hooker, published in their Genera Plantar um, and the system 
put forward by Engler and Prantl in their Natiirlichen Pflanzenfamilien 
(The Natural Plant Families). Limitation of space prevents even the 

' Some of the material of this and the previous paragraph is drawn from Jepson’s 
Economic Plants of California, 
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mention of many men who made outstanding contributions to this 
field. 

All systems of classification of plants are either artificial or natural 
classifications, or a combination of both. An artificial classification 
is one in which there is no recognition of any actual relationship between 
different kinds of plants, in the sense of common dcisceiit. An arti- 
ficial classification may be based upon such superficial characteristics 
as flower color or leaf form, although plants with the same flower color 
or leaf form may be much less closely related to each other than they 
are to certain plants having very different colored flowers, leaves of 
entirely different form, or both. All the earlier classifications were 
very largely artificial, for those who made them believed that each 
kind of plant or animal had been specially and separately created (the 
theory of special creation) and that once created, no kind of organism 
could ever give rise to any other kind (the theory of constancy of species) . 

As long as those beliefs were held it was inconceivable that there 
could be any relationship, in the sense of common descent, between 
different species, no matter how many points of rese^mblanc(^ there 
might be between them. With the acceptance of the doctrine of evo- 
lution, botanists came to look upon all plants as being related and 
attempted to classify them so that each group included kinds of plants 
more closely related to each other than to any other kinds (closely 
related plants being plants having a great part of their ancestry in 
common). Such a classification is called a natural classification. 

Because of the incompleteness of our knowledge of the relationships 
of plants and for other reasons, it is not possible for us to classify plants 
so as to show all their relationships. Accordingly, our present-day 
classifications arc partly artificial and partly natural. The principal 
goal of the systematic botanist is, however, to work out a classification 
of plants which will correspond as closely as possible with thcar actual 
evolution. 

Plant Characters Used as a Basis of Classification.— In all higher 
plants there are reproductive organs, su(;h as flowers and fruits, and 
vegetative organs, such as roots, stems, and leaves. Reproductive 
organs are less influenc(id by environmental conditions than arc vegeta- 
tive organs. There may be little resemblanc;e between the v(^g(^tative 
portions of two species, although their reproductive structures may be 
very similar. For example, the strawberry and the raspberry, although 
closely related, have quite different growth forms, that is, their vegeta- 
tive organs are quite dissimilar. However, the flowers of the two 
are constructed on the same general plan. On the other hand, two 
plants with very dissimilar reproductive structures may resemble each 
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other very closely in their general vegetative appearance, especially 
when they grow under the same external conditions. 

A very striking example of close resemblance of the vegetative organs of plants 
which have very dissimilar reproductive organs (flowers and fruits) is furnished 
by the cactus family and certain species of the spurge and milkweed families. Most 
of the cacti, all of which are native io America, have peculiar, leafless, fleshy stems 
covered with sharp spines or bristles. Certain African species of the milkweed 
family and several spccicis of the spurge family, although these families are certainly 
not (ilosely related to the cac^ti, are so similar to cactus plants that only those very 
familiar with such plants could distinguish them from certain members of the cactus 
family. 

Although vegetative .structures may be modified to a great degree 
under diverse environmental influences, these same influences do not 



Pio. 3. — Three different, types of xerophytic plants, showing the close resemblance 
of the vegetMtive organs of these plants which belong to different plant families 
and thus have dissimilar reproductive organs. A, Tricfioccreiis hridgesii 
(Cactus Family), native to America; B, Euphorbia fimbriat a (Spurge Family), 
native to Africa; C, Trichocnulon flavum (Milkweed Family), native to Africa. 

modify, to an equal extent, the reproductive organs. On account of this 
greater stability of the reproductive structures, they are of relatively 
greater value than the vegetative structures in showing actual relation- 
ships, and are of prime importanc^c in classification. 

The Groups Making up the Plant Kingdom. — There is on the earth 
an immen.s(^ number of individual plants. A careful examination of 
any two plants will show that, even though they may be very much 
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alike, there are individual differences between them. Every one of 
these individuals is the offspring of one or, in most plants, of two parents. 
Every individual is a point in one of the many long lines of descent 
leading back into remote time. If we could tracie these lines back we 
would find that at each generation they merged with other lines, just 
as we find in tracing the genealogies of human individuals. According 
to the theory of evolution, if we could follow these lines of descent back 
far enough we would find that all the individuals had descended from 
one or a few very simple organisms. This means that perhaps all plant 
individuals are related or at least that within each of a few great groups 
of plants all individuals past and present have descended from the same 
remote ancestors. 

Species. — Everyone recognizes that among the myriflds of indi- 
vidual plants about us there are different kinds such as the oaks, the 
roses, or the pines. If the oaks are studied with some care it is found 
that there are many recognizable kinds of oaks, and so it is with the roses, 
the pines, and other plants. Now it has been generally agreed to speak 
of each recognizable kind as a species (plural also species). Each 
species consists of a group of individuals which are very much alike. 
Most of the differences between the individuals of a species are due to 
the effect of external conditions. Any two individuals of a species are 
assumed to be more closely related, that is, more recently desc^ended 
from the same ancestor, than arc two individuals of different species. 

The differences betwc'cn two closely related species are supposcnl 
to have originated through new characteristics whif’h arose among the 
individual progeny of their common ancestors and which were inherited. 

Genera and Larger Groups. — Species which are similar in many 
respects and which are presumably more closely related to ea(‘h oIIkt 
than to other species constitute a genus (plural, genera). For exami)l(‘, 
all the species of oats belong to a single genus, Avcna\ all the species of 
wheat to a single genus, Triiicum. Closely related species are groupc^d 
into genera. Similarly closely related genera are grouped into larger 
groups and these into still larger groups as shown in the following 
arrangement. 

Species are composed of individual plants. 

Genera are composed of species. 

Families are collections of genera. 

Orders are collections of families. 

Classes are collections of orders. 

Divisions are collections of classes. 

Subkingdoms are composed of divisions. 

The Plant Kingdom has two subkingdoms. 
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It is important to bear in mind that individual organisms, plants 
and animals, are the only things in the plant or animal kingdom which 
actually exist. A species is merely a mental conception of a group of 
individuals sufficiently alike and closely enough related to be consid- 
ered as one kind. A genus is a conception of a group of similar and 
related species, etc. Such groupings of plants or animals are never- 
theless of great practical and theoretical importance in botany and 
zoology. 

The classification of the Plant Kingdom which we shall use in this 
book includes the following groups: 

Subkingdom I. 

THALLOPHYTA 


Division 1. Algae 
Division 2. Fungi 

Subkingdom II. 

EMBRYOPHYTA 
Division 1. Bryophyta Mosses and related plants. 

Division 2. Pteridophyta Ferns and related plants. 

Division 3. Spermatophyta Seed-bearing plants. 

The method of classifying plants is illustrated below by the complete 
classifi(*ation of a cinnamon ro.se and of wheat. 


Division 

Spermatophyta 

Spermatoph 5 '’ta 

Class 

Angiospermae 

Angiospermae 

Subclass 

Dicot ylcdonae 

Monocotyledonae 

Order 

Rosales 

Graminalcs 

Family 

Rosaceae 

Gramineae 

Genus 

Rosa 

Triticum 

Speijies 

cinnamonea 

aestivum 


Cinnamon Rose (Rom cinnamonea) Common Wheat {Trilicum aestivum) 


Includes a great variety of simple plants such as the 
pond scums, bacteria, molds, and mushrooms and 
some larger and more complex plants such as the 
seaweeds. 

Thallophyta which possess chlorophyll. 

Thallophyta which do not possess chlorophyll. 


Naming of Plants. — The name of the genus to which a plant belongs 
taken together with the name of the species of the plant are spoken of 
as a binomial. This combination of generic and specific names is used 
as the scientific name of the kind of plant in question. The generic 
name has the form of a Latin noun; the species name is an adjective. 
This method of naming plants or animals is called ‘ ^binomial nomencla- 
ture.” Systematic botanists and zoologists do not consider a scientific 
name complete unless there is placed after the binomial an abbreviation 
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of the authority for the binomial, that is to say the name of the man 
who named the plant or animal. Among the first to employ binomial 
nomenclature was the great Swedish naturalist, Linnseus, through 



Fig. 4. — Portion of a page from Linnaeus^ Systems Naturae published in 1737, with 
his diagrams illustrating the 24 classes into which he divided the Plant, Kingdom. 
These classes were based principally upon the number of and variations in the 
stamens. The classes were divided into orders based mostly on the number and 
variations in the pistils. Thus Class V, “ Pentandria " included all plants having 
5 stamens free and of equal length in the flower. The first order of this class was 
“Monogynia” characterized by the presence of a single pistil. Compare Fig. 5. 

whom it came into general use among botanists and zoologists. He 
was born in 1707 and was the son of a village pastor. In spite of great 
poverty and other obstacles he persisted in his efforts to secure a medical 
degree and to acquaint himself with natural history. He became a 
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practicing physician in Stockholm but devoted his time largely to botani- 
cal studies, the results of which soon made him famous throughout 
Europe. In 1741 Linnseus became professor of natural history at the 
University of Upsala, where he had the most favorable opportunities to 
continue his systematic studies of plants, animals, and minerals. He 
was an excellent teacher and attracted many students to Upsala. 


(From Ist Edition Flora Suecica 1745) 


r' Clafis K 

b' E n';T -a 

MONOGYNJA^. - 

' ■ -V MYOSpTifc'''V 

149 . MYOSOTIS folibruih apicibtts ^llblls. Plrii.clif, 

1 z. Ro y . Ittgjdbj^ 404 . 

ClaJJis V, 


PENTANDRIA 

MOmGTNlA. 

MYOSOTIS 

I5’7, MYOSOTIS { fcorpiohUs^ foliorum sricibus callofis. 

Stcc,pU/jt. i ;i. ^ 


(From 2nd Edition Flora Suecica 1755) 


Fia. 5. — PhotoRrapha of parts of two pages, one from the 1st and one (below) from the 
2nd Edition of Linmeua^ “Flora Suecica” (Fiona of Sweden), giving the name and 
brief description of a species of forget-me-not {Myosotis). In the upper part of 
the figure, from the older edition, the species (particular kind of forget-me-not) 
is designated by a description (3 words — foliorum apicibus callosis) whereas in 
the later edition a single word (scorpioides) italicised and in parentheses, desig- 
nates the species. In the interim between the dates of publication of the two 
editions the practise of “binomial nomenclature” (naming organisms by using 
two names, a genus name and a species name) had become definitely established 
in Lirmajus’ mind. 


Linnaeus named a great number of our now commonly known plants 
and animals, as well as many rarer ones, and accordingly we find the 
initial letter of his name attached to many scientific names. Among 
these Linnean species of plants are Beta vulgaris L. (common beet), 
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Brassica rapa L. (turnip), Pyrus malus L. (apple), Pyrus communis L. 
(pear), Pisum sativum L. (garden pea). Trifolium praiense L. (red 
clover), Medicago saliva L. (alfalfa), Daucus carota L. (carrot), Solanum 
tuberosum L. (potato), Avena saliva L. (cultivated oat), and there are 
hundreds of others. 

Origin and Meaning of Scientific Names of Plants, — The specific 
name is often descriptive of some feature of the plant which was thought 
by the person who originally described and named it to be character- 
istic. Examples of such descriptive specific names are sativus, meaning 
sown or cultivated; communis and vulgaris meaning common; and alba 
and nigray meaning respectively, white and black. The last two specific, 
names are very frequently used. For example, in the genus Brassica both 
of these specific names are employed, Brassica alba being white mus- 
tard and Brassica nigra being black mustard. Not infrequently a 
specific name is formed from the name of the person who first col- 
lected the plant in question or of some person whom the botanist naming 
the plant wished to honor. For example, a western sand cherry is 
named Prunus besseyij the specific name being formed from that of tlu* 
botanist, Bessey. Generic, names are often mi^rely the words by which 
the plants in question were known to those who spoke the Latin lan- 
guage. Examples of such names are Arena (oat), Pinus (pine), Querevs 
(oak), Phascolus (c.ertain kinds of beans), Pisum (pc'a), and Ficus (fig). 
In other cases the names of genera are descriptive, as in T nfolinm (tres, 
three, and foliuniy leaf), the name of certain cIovcts whose leaves are 
three parted; and Saccharomyces (Saccharoiiy sugar, and Mycesy fungus) 
a generic, name usc^d for the common yeasts which are fungi (Thallo- 
phyta whi(‘h are unable to make their owm food) living largely upon 
sugars. Genera are also sometimes named after persons, for example, 
Eschscholtzia (California poppy) named after the naturalist, Eschscholtz. 

The names of plant families are usually based upon some outstanding 
characteristic of most of the genera of the family, as in the case of 1h(' 
Leguminosae which bear their seeds in a legume or pod; or upon the 
name of one of the principal genera of the family, as in the case of 
Solanaceae which are named after the genus Solanum. 

Use of Common Names and Scientific Names. — Though it is often 
convenient to use the common names of plants instead of the scientific 
names, there are many reasons for employing the latter whenever we 
wish to avoid all uncertainty as to the particular plant to which we 
refer. Many common names are strictly local in their use and in other 
regions are either not used at all or are applied to some other plant. 
Several distinctly different plant species, which may or may not be 
related, are often included together under one common name. 
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The settlers in the North Coast ranges of California apply the name 
Post Oak to Querm garryam; the ranchmen in certain parts of the 
Sierra foothills ascribe the name Post Oak to Querm Douglasi; and in 
the eastern states the same common name is given to an entirely differ- 
ent species, Querm stellata. In other cases, a great number of common 
names are used for a single species. For example, Pinus ponderosa is 
given such common names as “Bull Pine,” “Black Pine,” “Yellow 
Pine,” and many others. It is scarcely to be expected that a Russian, 
French, or Japanese common name will be accepted and generally used 
by persons who speak mother tongues other than these. It is there- 
fore best to employ for scientific purposes the universally accepted 
binomials which, being in the Latin form, belong to a language not 
s{M)k(m by any living people but probably more familiar to educated 
people in general than any living language. The use of one scientific 
name does away with much misunderstanding as to what the plant is to 
which reference is made. 



CHAPTER II 


THE PLANT BODY 

The Individual Plant. — The Plant Kingdom is made up of a great 
number and variety of individual plants. Each individual plant — 
whether it be a single wheat plant among millions in a field, or a single 
bacterium among countless others in the soil, or a single tree among 
its many neighbors in a forest — is a distinct and individual organism 
which is able to carry on all the life processes necessary to maintain its 
life and perpetuate the species. It has a parent or parents, and a long 
line of ancestors behind it. 

Each individual plant mu.st carry on the different proce.s,s('s which 
are necessary to maintain its life; at times it must undc'rgo unfavorable 
environmental conditions such as extremes of temperature and water 
shortage; it must compete with its neighbor plants for space in which 
to grow, and for light and water; it must often k* subjc'cted to the 
attacks of insects or other parasites; and finally, it must produce 
offspring. 

The activities of the individual plant are two-fold: vegetative activi- 
ties and reproductive activities. The vegetative activities an* those 
which have to do with the growth and preservation of the individual. 
Important v('getative activities are the (1) absorption of raw materials 
from the soil and air, (2) transfer of the raw materials in the plant,, 
(3) food manufacture, (4) assimilation (the process by which foods are 
transformed into living material — protoplasm) (.">) respiration (a 
“ breaking down ” of substances in the cell, which provides energy for 
the work of the plant and in which oxygen is taken in and carbon dioxide 
given off), and (6) transpiration (escape of water — as water vapor). 
Reproductive activities are those which have to do with the continuation 
of the species of plants to which the individual belongs. These activi- 
ties include the production of many now individuals of the species which 
will survive the parent plants and thus tend not only to insure the 
survival of the species but also to increase its numbers and spread the 
species over wider areas of the earth’s surface. 

Organs and Tissues. — We speak of the human body as being made 
up of a number of organs, each performing a function necessary to the 
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whole organism. There are organs of sight, of hearing, of digestion, 
etc. Just so, we may speak of the plant body. It, too, is composed 
of various organs, with which it carries on its different activities. An 
organ is a part or member of the plant with a particular kind of work 
to do. For example, the roots are absorbing and anchoring organs, 
the stems are conducting and supporting organs, the leaves are food- 
making and transpiring organs, and the flowers are groups of reproductive 
organs. If we study microscopically the structure of any of these organs, 
we find that they are made up of many small chambers with walls 
which are usually thin. ICach of these small chambers or compartments 
is called a cell. Just as a brick house is made up of separate units, 
the bricks, so is the plant body made up of separate units, the cells. 
It is in the cells that the complex physical and chemical changes of 
the living body go on. Cells of similar structure which together perform 
a special function constitute a tissue. Thus the leaf is composed of 
several different kinds of tissues such as conductive tissue, protective 
tissue, and food-making tissue. 

Some plants have plant bodies each consisting of a single cell; and 
others, though they consist of many cells, have but few distinct organs, or 
a few tissues, with which to carry on the different functions. Such plants, 
most of which belong to the Thallophyta, are said to be simply organized 
and include the bacteria, the pond scums, seaweeds, molds, mildews, 
rusts, smuts, etc. 

Many plants have numerous distinct organs, and many tissues 
which carry on the separate functions. This is true of the commoner 
plants of orchard, garden, field, and forest. Such plants are said to be 
highly organized. 

Different Kinds of Plant Bodies. — In the simplest plants the plant 
body consists of a single cell within which all the life activities are 
carried on. Examples of such one-cclled organisms arc bacteria (Figs. 
291-293); Protococcus (Fig. 262) which constitutes the green growth 
commonly found (in the northern hemisphere) on the north side of 
tree trunks, fence posts, and walls; and Spharella nivalis (‘‘red snow'’). 
The plant body of such organisms is surrounded, at least during part 
of the life of the plant, on all sides by water and a supply of materials 
from which food can be absorbed or built up. 

A plant body in which cells are joined end to end to form a thread or 
filament represents an advance in complexity over the unicellular forms. 
There are numerous filamentous or thread-like algae, such as Spirogyra 
(Fig. 265) (one of the pond scums), and Oedogonium (Fig. 274) ; and also 
many filamentous fungi (Fig. 310), such as certain molds, mildews, rusts, 
and smuts. In Oedogonium j a basal cell of the filament may become 
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differentiated as a holdfast cell (Fig. 271); and certain other special 
cells of the filament may take on, in addition to nutritive functions, 
the reproductive function, whereas the majority of the cells have only 
nutritive functions. Here there is a slight degree of specialization 
among the cells of the plant body. 

In some of the seaweeds ( Ulva, or sea lettuce) the plant body is 
flattened. It consists of a plate of cells, two cells or more in thickness. 
In other more complex seaweeds (Fig. 282) and in such fungi as mush- 
rooms (Fig. 349), there is a rather complex and extensive plant body. 
The molds, mildews, rusts, smuts, and fleshy fungi, such as the mush- 
rooms, have various forms of plant bodies, but in none of them, nor 
in any of the algae, are there true stems and leaves. 

The Plant Body of Seed Plants. — In the plant body of seed plants 
(Spermatophyta), which include almost all our common cultivated 
plants (Fig. 6), the stems, foliage leaves, and roots are chiefly con- 
cerned with maintaining the life of the individual; that is, they carry on 
the vegetative functions (such as absorption of materials from the soil, 
manufacture of foods, respiration, transpiration, and assimilation), 
whereas the flowers (which produce seeds) carry on the reproductive 
activities, and thus assure the continuance of the race. 

The plant body of the seed plant is composed of shoot and root. 
The shoot, which is made up of two kinds of organs, stems and leaves, 
generally grows upward into the air, whereas the root grows downward 
into the soil. But there are plants, such as the common potato and 
many others, which have in addition to stems a])Ove the ground (aerial 
stems) other stems which grow beneath the ground (subterranean 
stems); and there are still other plants, such as the banyan and th(^ 
woodbine, which have aerial roots as well as subterranean ones. The 
stem is divided into nodes and internodes, regions which alternate 
throughout the length of the stem. Nodes are slightly enlarged por- 
tions of the stem where leaves and buds arise, and where branches 
originate. An interaode is the region between two successive^ nodes. 

Principal Distinctions between Stem and Root. — The stems and 
roots are both cylindrical structures which, in some cases, are dis- 
tinguished only with difficulty. The following are the principal dif- 
ferences between stems and roots: 

1. Normally, branch stems arise only at nodes, and in the axils of 
leaves, whereas roots branch irregularly, there being no division of 
roots into nodes and internodcs. 

2. The internal structure of the stem differs (as we shall learn in 
Chapters IV and V) from that of the root. 

3. Normally stem branches originate at the surface of a main stem 
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Fia. 6. — Diagram showing the principal organs and tissues of a typical seed plant. 

(Modined after Sachs.) 
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and near its extreme tip; branch roots arise, not at the surface, but 
within a larger root and at some distance from its tip. 

4. The growing point at the extreme tip of the stem is covered and 



Fig. 7. — Excurrent type of branching (pine). (Photograph by Emanuel h’ritz.) 

protected by rudimentary foliage leaves and in some cases by modified 
leaves, the bud scales. The growing point of roots, however, is pro- 
tected by a special thimble-shaped structure, the root cap. 
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Functions of Stem, Root, and Leaf. — The primary functions of the 
stem are (1) the support of foliage leaves and floral leaves (petals, 
sepals, and other flower parts) ; (2) the conduction of water and mineral 
substances from the soil; and (3) the conduction of plant foods from 
the points where they are manufactured to points where they are 
needed in growth, or where they are to be stored for future use. 

In addition to these primary functions of stems there are certain 
secondary ones, such as food manufacture, storage of food or water, 
and vegetative reproduction which are sometimes performed by stems. 
The stems of most non-woody plants and the youngest stems of woody 
plants are green and share with the leaves the function of food manu- 
facture (photosynthesis). 

Some stems act as storage organs. For example, in the underground, 
enlarged stem (tuber) of potato (Fig. 105), a large amount of starch is 
stored; also, in the twigs of the common orchard trees considerable 
quantities of reserve food are stored in the form of starch and sugar. 
The cacti and various other plants of desert regions have thick fleshy 
stems within which water is stored. 

In some plants the stems act as organs of vegetative reproduction 
(reproduction without the formation of flowers and seeds). For exam- 
ples, the underground stems (rootstocks or rhizomes) of such plants as 
Be^rmuda grass (Cynodon dactylon) (Fig. 104), bindweed {Convolvulus 
arvensis)j and iris are capable of sending out aerial stems and roots 
from the node's. When such underground stems are cut or broken 
into a numbe'r of pie*ces, each piece, if it includes one or more nodes, 
may send out new sterns and new roots and thus produce a new plant. 
Like'wise, serme aerial steins have this power. The runners (creeping 
stems) e)f the strawberry (Fragaria, Fig. 109), the tubers of the potato 
{Solannm tuberosum), the bulbs (short stems with fleshy leaves) of 
onion {Allium cepa, Fig. 107), the corms of Crocus (fleshy stems. 
Fig. lOS) of cyclamen are examples of stems which serve to reproduce 
these plants vegc'tatively and are used by farmers and gardeners to 
multiply such plants. 

The primary functions of the root are (1) anchorage and (2) absorp- 
tion of (a) water and {b) certain mineral (inorganic) salts. A secondary 
function is food storage. Common examples of roots which act as 
storage organs are those of sugar beet {Beta vulgaris), turnip {Brassica 
rapa), and sweet potato {Ipomaea batatas). 

The primary functions of the leaf are the (1) manufacture of carbohy- 
drate foods (photosynthesis), the (2) synthesis of nitrogenous foods, and 
(3) transpiration (escape of water in the form of water vapor). 
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Balance between Shoot and Root Systems. — In an earlier paragraph 
it was stated that the plant body consists of two main parts: (1) shoot, 
and (2) root. These two differ not only structurally, but also in the 
work they have to do. The shoot is chiefly concerned with the manu- 
facture of food and the development of reproductive structures. The 

root is chiefly concerned 
with absorption and 
anchorage. 

It is well recognized 
that, in transplanting 
plants and in pruning, 
a balance must be 
maintained between the 
root and the shoot. The 
root system must be 
extensive enough to 
supply the shoot with 
sufficient water and 
mineral nutrients. The 
shoot must be adequate 
to manufacture suffi- 
cient food for the main- 
tenance of the root 
system. For example, 
when a young orchard 
tree is transplanted, 
many of the roots of 
the young plant are 
necessarily destroyed ; 
consequently the ab- 
sorbing surface is re- 
duced. The approved 
practice is to cut back 
or thin out the shoot 
(remove branches here 
and there) and thus at- 
tempt to re-establish 

the balance between the root system and shoot system. The reduced 
root system will be unable adequately to supply the tissues of 
the shoot with water and salts unless the shoot is also reduced. On 
the other hand, a too severely pruned shoot does not permit of normal 
growth and development, for the few green leaves which it will bear 



Fia. 8 . — Deliquescent type of branching (elm). (Photo- 
graph by Emanuel Fritz.) 
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will be insufficient to supply food for the relatively large root system, 
which is itself incapable of making food. Either condition will retard 
the plant’s development and, if extreme, may cause its death. 

General External Features of the Shoot, Especially of Woody Plants. 
— Shoots may be erect, prostrate, or climbing. The shoots of most 
plants grow erect, but the shoots of such plants as the cucumber, 
squash, watermelon, and strawberry generally grow prostrate on the 
ground. Plants which climb upon other plants and thus depend upon 
them for mechanical support, that is, plants with climbing shoots, are 
known as lianas. Examples of lianas are the scarlet runner bean 
(Phaseolus)^ hop (Ilumulus)y and grape (Vitis). 

Erect shoots may be excurrent or deliquescent. Pines, spruces, and 
firs, and most other cone-bearing trees, have an elongated or cone-shaped 
shoot system. In these there is a single main stem with many lateral 
branches. Also, in the Carolina poplar there is a “ leader ” — one main 
stem which throughout the life of the plant holds this leadership. This 
t3qK^ of stem is said to be excurrent. In the oak, cottonwood, apple, 
peach, and many other deciduous trees, the principal stem may stop 
growing and be replaced by upper lateral branches which then grow 
more or less erect so that it is impossible to pick out any one main 
stem. This type of shoot is called deliquescent. 

Trees, Shrubs, and Herbs. — The classification of plants into trees, 
shrubs, and herbs is vcr^" commonly used, although there is no very 
sharp line of distinction among these three classes. Trees and shrubs 
include those plants whose stems are largely made up of wood and 
which remain strong and erect when they undergo great water shortage 
or in fact even after they are dead. By trees we mean tall w^oodj^ plants 
having generally a single main stem or trunk, at least for some distance 
above the ground. Shrubs, on the other hand, are shorter woody 
plants more frec'ly branched than trees and frequently having no single 
main stem, even at the base. In practice the principal distinction 
between shrubs and trees is one of size. Plants whose stems develop 
ver}^ little wT)od but are made up mostly of soft tissue, and which 
droop or collapse (wilt) when they die or are unable to secure suf- 
ficient water, are spoken of as herbs. The shoots of trees and shrubs 
generally persist for years whereas those of herbs (at least the parts 
above ground) generally die each year except in regions where there 
is no very cold or very dry season. Within a single plant family, or 
even within a single genus, there may be species which are herbs, others 
which are shrubs, and still others which arc trees. For example, in the 
pea family (Leguminosae) there are many herbs such as peas, beans, 
and clovers; shrubs, such as Scotch broom (Cytisus)^ and bladder senna 
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(Colutea) ; and trees, such as honey locust (Gleditsia) and carob (Cera’- 
Ionia), Individuals of a single species may be trees or shrubs according 
to the conditions under which they have grown. 

Buds. — In seed-bearing plants the shoot system is often extensive 
and elaborate, and its continued development provides a graphic illus- 
tration of the unlimited scheme of growth characteristic of higher plants. 
This open method of growth is made possible through the continuous 
formation and growth of numerous buds. In the seed-bearing plants 
(Spermatophyta) there is a bud, called the terminal bud, at the end of 
every stem. There are also buds, called lateral buds, which grow out 
from the sides of the stems. The lateral buds generally occur just above 
a leaf and in the angle (leaf axil) hirmod by the leaf stalk (petiole) and 
the stem. Such lateral buds arc called axillary buds. In tn^es and 

shrubs a relatively 
conspicuous axillary 
bud is generally to 
be found in th(' axil 
of ('V(‘ry leaf, but in 
luTbs thesc‘ buds 
may be very small 
and oft('n they arc 
so completely bur- 
i('d in the tissue of 
the stem that they 
S('(nn to be lacking 
entirely. Latc'ral 
buds which aris(‘ 
anywhere on the 
plant, except in the 
axils of leaves, are 
called adventitious 
buds. Th(‘y may 
arise on stems or 
roots, or ev(‘n 
leaves. Their formation is usually stimulated by injury. For example, 
when a branch is cut back, as in pruning, numerous adventitious buds 
may arise at the edges of the cut surface. 

Most buds, when they develop or grow out,'’ produce leafy brancli 
stems. Such buds are called leaf buds. 

Although the occurrence of buds and the fact that they may grow 
into leaves and branches are familiar to all, most people do not realize 
that leaf buds have a rather complex internal structure. A leaf bud 



Fig. 0 Bud-grafiinK. From left to right: cutting T-shapod 
cleft in the bark of the stock, l^ud jiartly inserted in the 
cleft; bud inserted and ready to be bound; bud bound 
tightly, bringing cambium of bud into contact with that 
of the stock. (Photograph furnished by the Division of 
Pomology, College of Agriculture, Ihiiversity of Cali- 
fornia.) 
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is a leafy branch in miniature; consisting of a delicate growing point, 
several very short intemodes, and, alternating with these, a number of 
nodes, each bearing one or more small rudimentary leaves. 

That a bud is actually a partially developed shoot is clear when we 
cut it lengthwise and study its structure. (See Figs. 57 and 58.) It 
is also shown by the fact that branches always develop from buds. 
Buds may, in the case of many species of 
plants, be removed from the stems on 
which they originated and with certain 
precautions set into the stems of other 
plants where they will subsequently 
develop into branches. Such bud grafting 
is a common horticultural practice. 

The delicate growing point (extreme 
tip of the stem within the bud) and the 
rudimentary leaves, especially in the case 
of most tree's and shrubs of cold and arid 
climates, are usually protected by several 
layers of overlapping scales (bud scales) 
which are modific'd Ic'aves (scale leaves, 

Fig. 10). Bud scales may be covered with 
hairs, as in tlie willow, or with a waxy 
secretion, as in tlie cottonw^ood. These 
coverings very effectively protect the 
enclosed tender structures from rapid 
drying out as well as from mechanical 
injur 3 ^ Such series of structures inter- 
mediate between typical bud scales and 
typical leaves give strong support to 
the assumpti(3n that bud scales represent 
reduced and modified leaves. The buds 
of certain plants are not provided with 
protective scales. In these cases the 
outermost organs of the buds are foliage 
leaves. Buds of this sort, sometimes 
called naked buds, are common in woody plants of the moist tropics 
and in most herbaceous plants the world over. 

Although most of the buds on a plant are leaf buds, som.e buds con- 
tain not rudimentary nodes, internodes, and foliage leaves but the stem 
and the more or less fully developed floral leaves (sepals, petals, stamens, 
and carpels) which will form one or more flowers when the bud opens 
Such buds are called flower buds, or by some fruit buds, inasmuch as 



Fig. 10 — ExtornMl viow of a por- 
tion of a stem of etMtonwood (a 
species of Populus) 8ho\^ong an 
axillary leaf bud, leaf scar and 
lenticels. 
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flowers produce fruits. When a bud contains both rudimentary leaves 
and flowers it is called a mixed bud. When a bud of this type unfolds, 
there is produced a leafy shoot which either (a) terminates in a flower 
cluster, or (6) bears flowers or flower clusters in the leaf axils. Examples 
of the first-mentioned type of mixed bud are apple (Fig. 11), blackberry 
{Rubus)y and grape {Vitis)] whereas the second type is found in such 

plants as mulberry 
(Morus), fig (Ficus) j 
oak (Qu€rcus)j and a 
number of others. 

According as there 
are one, two, or three 
or more leaves at 
each node we speak 
of alternate, oppo- 
site (decussate) or 
whorled leaf arrange- 
ment. Axillary buds 
are also commonly 
classified as alternate 
buds (apple, plum, 
poplar, etc.), oppo- 
site (decussate) buds 
(horse chestnut, ma- 
ple, elderberry, etc.), 
and whorled buds 
(catalpa, bedstraw, 
etc.). Obviously, 
plants with alternate 
leaves will have alter- 
nate bud arrange- 
ment; opposite- 
leaved plants, oppo- 
site buds, etc. 

Fig. 11. — Fruit spur of apple. Two opened terminal Although ffenerallv 
buds are shown. These terminal buds are mixed buds. ^ ^ALiiougii y. neraiiy 
(Afier Robbins, from Botany of Crop Plants.) there is but a Single 

bud in the axil of 

each leaf, some plants have several buds in or near the leaf axil. Some- 
times these are in a group of three which lie side by side. In other cases 
they lie one above another. All but the central one or the basal one are 
called accessory buds. 

Although every axillary leaf bud or mixed bud is potentially a leafy 
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branch and may develop into such a branch in the next growing season, 
not all these buds do actually develop into branches. Some of them may 
remain dormant or latent. All buds which do develop into new branch 




Fig. 12. — The twigs of three different plants showing three methods of bud and leaf 
arrangement. The base of each leaf stalk is shown. Left, ash {Fraxinus)^ 
opposite arrangement; middle, poplar {Populus), alternate arrangement; right, 
Catalpaf whorled arrangement. 
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stems or (in the case of terminal buds) into an elongation of an already 
existing stem are, in contrast, active buds. The terminal bud of a 
branch, in most trees and shrubs, is almost always the most active, and 
grows more vigorously than any of the axillary buds. The latter gen- 
erally decrease in vigor and activity the farther they arc from the 
terminal bud. Those buds which are several internodes distant (vary- 
ing with the species and with the conditions) from the apex of the 
stem, are dormant and normally do not develop at all into branches. 
In most plants the removal of a terminal bud or of the upper end of a 
branch stem increases the activity of the remaining axillary buds and 
fis a result some of the dormant buds may become active. This 
'' awakening of dormant buds by the removal of the terminal part 
of the stem is less complete the farther the buds are down the stem. 
Thus it may be said that the degree of activity of active buds decreases 
and the depth ” of dormancy of dormant buds increases the greater 
the distance from the end of the branch. 

Many buds which are apparently adventitious are often in reality 
axillary buds which have remained dormant for so long that their 
original position relative to a leaf, long since dead, is difficult to deter- 
mine. It is such dormant buds buried in the bark of the oldest part of 
the tree (near the base of the trunk) which sometimes become active and 
grow out into leafy shoots and thus produce short branches from a part 
of the tree where branches very rarely occur. 

Bud Arrangement and Branching. — The branching system of the 
shoot is largely determined by the arrangement of the buds. If the 
bud arrangement is alternate, opposite branching can not occur. Simi- 
larly whorled branching will not be found in plants with opposite or 
alternate bud arrangement. It does not follow, however, that branches 
will always occur two at a node in a plant with opposite buds, one at 
every node in plants with alternate bud arrangement, etc. 

Not all of the leaf buds on a stem develop. Many remain dormant 
while others make a short growth and then die as the result of insuffi- 
cient nutrition or of the attacks of insects or disease. There is com- 
petition among the different buds and young branches for light and 
for food materials, and the less vigorous of the active buds and young 
branches may fail to develop further. Moreover, not all the axillary 
buds are leaf buds. One or more at a node may be fruit buds which 
do not develop into permanent branches. For these reasons, branches 
are much less numerous than axillary buds, and branching is much less 
constant and regular than is bud arrangement. 

It is a common and well-known practice of orchardists and gardeners 
to change the form of plants while they are still young by pruning, 
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which is the judicious removal of 
terminal buds or terminal portions 
opment of axillary buds which 
would otherwise remain dormant 
or not grow so vigorously. There 
results a spreading of the plant, 
and the production of a broad tree 
with a low head.'' A cylindrical 
or pyramid type of tree may also 
be secured, by removal of a certain 
number of lateral buds or branches. 
Thus, by the removal of buds and 
branches, a tree or shrub may be 
forced or “ trained ” to assume 
almost any desired ^orm. 

The Stems of Woody De- 
ciduous Plants in their Winter 
Condition. — Most orchard trees, 
ornamental trees and shrubs, and 
forest trees, except pines, firs, 
spruces, and other gymnosperms, 
are deciduous, that is, they lose 
their leaves in the fall and remain 
bare of leaves for some months 
each year. Such plants in their 
leafless winter condition are par- 
ticularly favorable for the study 
of branching, various tyix's of 
buds and other features of the 
shoot. A s('veral-year-old twig 
of such a plant is illustrated in 
Fig. 13. At the tip is the large 
terminal bud and at each node 
an axillary bud. If the brown bud 
scales are removed from the ter- 
minal bud, or certain lateral buds, 
young overlapping foliage leaves 
may be found within. In the 
spring, the short internodes within 
each active bud will elongate, thus 
bringing the rudimentary leaves 
length of the main twig or branch 


buds or branches. The removal of 
of branches will stimulate the devel- 



Fig. 13. — Twig of cottonwood (a species 
of Populus) showing' two years’ growth. 
(From Robbins’ Botany of Crop Plants, 
after Longyear.) 

out of the bud and adding to the 
(if it is a terminal bud) or producing 
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a new branch. Within some of the axillary buds partially developed 
flowers may be found. 

Classification of Buds. — According to their position buds may be 
classified as terminal, axillary, and adventitious; according to organs 
developing from them, as leaf buds, flower buds, and mixed buds; 
according to the presence or absence of special protective structures, 
as scaly and non-scaly buds; and according to activity, as active and 
dormant. 

Below each bud is a semicircular to elliptical leaf scar. This was 
left when the leaf, in the axil of which the bud was formed, became 
detached from the twig. The number of these scars at a node shows 
whether the leaves were alternate, opposite or whorled. If a hand lens 
is used, one may find within each leaf scar a number of slightly raised 
areas. These are the bundle scars left where the conducting strands 
passing out from the stem into the leaf stalk (petiole) were broken off 
when the leaf fell. 

In such a twig the growth in length during each of the last few years 
can be easily determined, for a ring or girdle of bud scale scars marks 
the end of one year’s growth and the beginning of the next. When 
the closely set bud scales of a terminal bud fall off in the spring they leave 
a number of scars so close together as to form a distinct ring. The 
spacing of these rings often reveals striking differences in the amount of 
growth produced each year, for there is practically no increase or 
decrease in the length of any portion of a stem after that portion is a 
year old. 

On some twigs flower bud scars may also be found where the short 
branch which developed from a flower bud became detached from the 
stem after the fruit had matured. 

Close examination of the twig surface where there are none of these 
various kinds of scars will reveal numerous lighter colored, slightly 
raised spots on the bark. These are lenticels, regions which permit the 
passage of gases inward and outward. Were it not for these lenticels 
the bark would very effectively prevent the passage of air and also the 
loss of water from underlying stem parts. The lenticels are particularly 
conspicuous even on old stems of the white birch and the cherry. 

Different ICinds of Stems and Roots. — In some plants having roots, 
stems, and leaves, certain of these organs may be modified to such an 
extent as to be scarcely recognizable. For example, the tendril of 
the garden pea (Pisum sativum) is morphologically a leaf part; the Irish 
potato tuber, a modified stem; and the sweet potato, a modified root. 

Some seed plants do not possess all of the usual parts of the plant 
body, namely, roots, stems, leaves, and flowers. For example, in the 



THE MOVEMENTS OF PLANTS 


35 


common water bladderwort ( Utricularia vulgaris) the roots are lacking; 
in the floating Wolfiaj both leaves and roots are absent; and in Rafflesia 
arnoldii, a tropical parasite, which has the largest flowers of any plant 
in the world, the plant is reduced to a flower and a mass of undifferen- 
tiated cells within the tissue of the host and accordingly may be said 
to be without roots, stems, or foliage leaves. 

The Movements of Plants. — In the previous chapter where plants 
and animals were contrasted it was said that most plants are not 
capable of locomotion (movement from place to place), and that 


most animals are capable of locomo- 
tion. But, as was there remarked, 
many simple plants, more primitive 
than those with which we arc more 
familiar, remain unattached through- 
out most of their lives, and can move 
freely in the water in which they live. 



A B 

Fig. 14 . — Wolffia arrhiza, a plant lacking; 
both leaves and roots. A, jdant with 
branch; B, flowering plant in longitudinal 
section, a, anther; h, branch; p, pistil. 
(Redrawn from Hegclmaier.) 



Fig. 15. — Geotropic curvature of a 
seedling of mustard {Brassica). A, 
just after being placed in the hori- 
zontal position. B, about 24 hours 
later. The positively geo tropic 
root has bent downward, the neg- 
atively geotropic stem upward. 
(/Vfter Sachs.) 


All these motile plants belong to the Thallophyta. But some attached, 
non-motile plants of the Thallophyta, Bryophyta, Pteridophyta, and 
the Spermatophyta produce certain reproductive cells which can move 
about freely and rapidly. Moreover, almost all plants can move in the 
sense that their organs can elongate; thus the tip of the root moves 
downward into the soil as it grows, and the stem and leaves move 
upward into the air. They can also execute curvatures, as when a 
seedling plant (F'ig. 15) placed in a horizontal position bends downward 
at the root end and upward at the stem end. Ordinar^y we think of 
plants as motionless, but tliis is only because the movements of plants 
are slow. By means of the cinematograph camera it is possible to make 
exposures at intervals of 15 minutes or half an hour and later project 
them so rapidly that the development and movements of weeks are seen 
on the screen in a few minutes. Then it becomes apparent that all the 



36 


THE PLANT BODY 


parts of the plant above ground are actually in constant motion, so 
that branches, leaves, and flowers execute a veritable dance. 

Some plant movement!^ suc^h as the spiral upward movement of the 
tip of the stem as it grows, are due to internal factors, or as we might say 
“ to the nature of the plant.” Such movements are not due to any 
outside influences, as is clear from the fact that they go on just the 
same even though all the external factors (light, temperature, composi- 
tion of the soil and atmosphere, etc.) which make up the plant^s environ- 



Fia. 16. — Diagram of the root system of the broad bean {Vida fnha) .showing the 
opentation of the secondary roots as contrasted with the orientation of the 
primary root. Originally the whole primary root was growing jiarallel to the 
direction of gravity, shown by the solid black arrow. Then the root system 
was turned through 90° so that it was at right angles to the direction of gravity 
(outlined arrow). Growth of the root system before and after the change of 
position is indicated respectively by solid black and outline portions of the 
figure. 


ment are kept constant or unchanged. Such movements are (tailed 

autonomic movements. 

Other movements, such as the outward curvature of the petals of a 
flower bud which opens when, after a period of darkness, light falls upon 
it, are caused by a change in external conditions, and will not take 
place at all if the external conditions arc kept constant. Other examples 
of movements due to a change in the external conditions are the curva- 
tures of the stem and root of a seedling plant which has been placed 
in a horizontal position so that the force of gravity acts upon it in a 
direction at right angles to what might be called its normal direc- 
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tion, which is “ lengthwise ” or parallel to the long axis of the root and 
stem. Such movements, due to a change in some external condition, 
are called paratonic movements. They are sensitive reactions. 

Any change or difference in the external conditions (environment) 
of the plant which causes the plant or any of its organs to “do some- 
thing ” (react) is spoken of as an external stimulus. What the plant 
docs in response to any stimulus is a reaction. Paratonic movements 
are reactions in response to an external stimulus. All such stimuli 
involve either differences (or changes) of a particular external condition 
(factor) (a) in time (i.e., differences between “then and now”), as 
when the darkness of night changes to the light of morning and the 
tulip bud opens, or differences (b) in space (i.e., differences between 
“ there and here ”), as when a shoot, lighted from one side only, bends 
toward the source of 
light. 

All the curvatures 
or other movements of 
plants or plant organs in 
response to external stim- 
uli (paratonic move- 
ments) fall naturally into 
one or the other of two 
groups. The first of these 
includes all these move- 
ments in which an exter- 
nal stimulus initiates the 
movement, but in which 
the direction of the curvature or movement depends upon the* kind 
of plant or organ and not upon the direction of the stimulus. For 
example, in the case of flowers which open only in the light, the petals 
of a bud lighted from one side only do not curve toward the source of 
illumination but bend outward (away from the center of the flower bud). 
The bud will open just the same in the same manner whether the 
light falls upon it from one side, from two sides, or from all sides. In 
short, direction of such movements is indc'pendent of th(» direction 
of the stimulus. Beside the example already cited many others could 
be given, such as the opening of the flowers of the night-blooming 
cereus, the evening primrose, or certain species of daturas, and the 
“going to sleep” (folding of the leaflets) of clover when with the 
coming of nightfall the light fails or the temperature becomes lower. 
(Fig. 18.) One might say that in these cases the external stimulus 
(change of illumination or of temperature) causes the organa to move but 



Fig. 17. — Diagram showing penetration of mercury 
by a downward curvature of the primary root of 
broad bean {Vida fava). This shows that the 
geotropic curvature is not a mere pjissive bending 
of the root-tip under its own weight. (Redrawn 
from Sachs.) 
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the plant itself (that is, internal stimuli) determines in what direction 
the movement will be. Such movements, the direction of which does 
not depend upon the direction of the external stimulus, are called nastic 
movements. 

The other group of paratonic movements includes those in which the 
external stimulus not only causes the movement to take place, but also 
determines its direction. In such cases the stimulus — let us say light — 
must itself have a direction. If it acts in all directions equally there 
will be no movement. If it acts in one direc^tion only or if it is much 
more intense in one direction than any other, the plant or organ will 
move until it reaches a certain, definite, and, to the experienced observer, 
predictable position relative to the stimulus. Thus when the stem of 



Fig. 18 . — Two series of photographs, from a cinematograph film showing the nastic 
movements of the leaflets of Oxalis. The upper row shows the leaf “going to 
sleep” between noon and 5:50 p.m. The lower row, the leaf unfolding between 
2:20 A.M. and 10:40 a.m. (Photographs furnished by George Stone.) 

a plant which has been equally illuminated on all sides is shaded so 
that light comes only from one side it tends to bend so that it points 
toward the source of light. Its leaves, on the other hand, will tend to 
place themselves at right angles to the light. The stimulus, light, not 
only causes the stem and leaves to bend, but also determines what 
position they shall have when the reaction has been (jompletcd and 
they have come to rest. Such movements are called movements of 
orientation. If the movement of orientation consists of a curvature, 
as when an organ bends toward or away from the light or toward or 
away from the center of the earth (downward or upward) this reaction 
is a tropism. If the reaction involves movement of the whole organism 
(locomotion), as when free-swimming unicellular algae, formerly in the 
dark and scattered uniformly through a glass of water, collect on the 
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side farthest from the light, when they are lighted from one side, we 
speak of the movements as tactic movements. 



Fig. 10. — Mustard {Brasstca alba) 
seedling growing in water show- 
ing the positively phototropic 
curvature of the hypocotyl and 
the negatively phototropic curva- 
ture of the root. The arrows 
show the direction from which 
light is falling upon the plant. 
(After Noll.) 



Fig. 20. — Diagram, illustrating the hy- 
drotropism of roots. For explanation 
see text. (Redrawm from Sachs.) 


To summarize: Plant movements may be classified thus: 

I. Those due to internal factors — they persist under constant 
external conditions. (Autonomic.) 

II. Those due to an external stimulus — do not occur at all under 
constant external conditions. (Paratonic movements.) 

1. Those in which the external stimulus does not determine 

the direction of the movement. (Nastic movements.) 

2. Those in which the external stimulus determines the direc- 

tion of the movement. (Movements of orientation.) 

A. Movement is a curvature. (Tropisms.) 

B. Movement by locomotion. (Tactic movements.) 

In the case of the various kinds of tropisms which occur in plants 
the actual bending of the organ is the result of more rapid elongation 
(growth) on the side of the stem, root, tendril, or other organ which 
becomes the convex side of the organ after it bends. A tropism is never 
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the mere passive curvature of an organ under its own weight, such as 
occurs when a long piece of wire or a slender branch, whether dead or 
alive, is placed in a horizontal position and held by one end only. In 
the case of a tropism a ''one-sided” external stimulus is responsible 
for the occurrence as well as the direction of the curvature, but the plant 
itself curves by reason of a different rate of growth on the two sides of 



Fig 21. 




Fig. 21. — Diagram showing that the region of light perception and that of reaction 
to light stimulus in the seedling of millet {Sciana) are at some distance from each 
other. In both seedlings the region of reaction is illuminated but in the case 
of the seedling to the left the light sensitive tip is shaded by an opaque paper caj). 
(Redrawn from Sachs.) 

Fig. 22. — A seedling of white lupine (Lupinus albus) at the time it was placed in the 
horizontal position (A), and after a shorter and longer period {B and C) in the 
new position. The end of the root is marked off into zones beginning with the 
extreme tip of the root and each originally one millimeter long. Note that the 
region of curvature corresponds with the region of most rapid elongation and 
that the sensitive region (included in the first two millimeters) does not elongate 
much during the curvature. (Redrawn from Sachs.) 


the organ. Accordingly, the curvature of roots generally takes plac(^ 
near the tip; of stems, throughout the region of elongation. 

The question now occurs: what causes a difference in the rate of 
growth on the two sides of the organ? It has been demonstrated that 
growth hormones play an important role in this phenomenon. A hor- 
mone is a substance which is produced in one part of the organism, is 
moved to another part, and there is capable of influencing a specific 
physiological process, even though the substance is present in very 
minute quantities. In the case of stems, growth hormones must be 
present in the growing regions in order that the enlargement of the cells 
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shall occur. When the shoot, for example, is illuminated from one side, 
these growth hormones accumulate on the shaded side of the stem tip, 
move down the stem, and stimulate a greater elongation of the cells on 
the shaded side than of those on the illuminated side. As a result the 
stem bends toward the light. Or, as another example, if a shoot is 
placed horizontally, then growth hormones accumulate on the under 
side of the stem tip, thus stimulating a greater enlargement of the cells 
there than on the upper side, with the result that the stem tip bends 
upward. Peculiarly, roots react differently from stems to these hor- 
mones; they retard rather than accelerate the enlargement of root cells. 
For example, when a root tip is placed horizontally, as in Fig. 22 A, the 
growth hormones accumulati^ on the lower side of the organ, thereby 
retarding rate of growth of the cells on that side, and as a result the 
root tip bends downward. 

It is the practice of botanists to designate the different kinds of 
tropisms or tactic curvatures by using prefixes indicating the nature of 
tlie external stimulus. Thus: geo- when the earth\s attraction (gravity) 
is the stimulus, photo- when light is the stimulus concerned, etc. We 
speak of the tropism as being positive when the curvature is toward 
the source* of the stimulus, and negative when it is away from the 
source of the stimulus. Thus the main root is positively geotropic and 
the main stem is negatively geotropic. Some of the principal move- 
ments of orientation which may be observed in plants are: 

Negative geotropism. Examples: Main stems of most plants generally negatively 
geotropic. 

Positive geotropism. Examples: Main roots of most plants are positively 
geotropic. (However, branch roots and stems, many leaves, and special 
underground stems called rhizomes grow at right angles or at an oblique 
angle to the direction of gravity.) 

Positive photoiropism. Examples: Main stems of seedlings and older plants 
tend to bend toward the direction of most intense illumination; when the 
light comes princi])ally from the side, their position is the resultant of negative 
geotropism and positive phototropism. 

Negative phototropism. Examples: The main root of mustard seedlings is nega- 
tively phototropic but most roots are not sensitive to light stimulus. (Leaves 
and some branch stems tend to grow not toward or away from the principal 
source of illumination but at a characteristic angle to the light direction.) 

Thermotropism. Examples: Some roots and some other plant organs have been 
shown to bend and grow toward or away from a region of higher temperature. 

Hydrotropism. Examples: Roots (as shown in Fig. 20) can be shown to curve 
away from a region where the soil or air is relatively dry and> toward a region 
which is relatively more moist. 

Chemotropism. Examples: Fungus filaments and the tubes which grow out 
from pollen grains when they germinate may have the direction of their growth 
determined by the presence of some chemical substance in higher concentra- 
tion in one part of the surrounding medium than in other parts. 

Thigmotropism. Examples: The tendrils of various climbing plants, such as 
the squash {Cucurbita), the wild cucumber (Echinocystis), and the grape 
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(Pill’s), are stimulated by contact with solid objects of small diameter to bend 
so that the place of contact is on the concave side of the resulting curvature. 
The curvature continues, in most cases, until the object which caused the stimu- 
lation is encircled by the tendril and thus the vine secures attachment. 

Importance of the Tropisms in the Life of the Plant. — Clearly the 
negative geotropism and positive phototropism of the stem are advan- 
tageous to the plant since they result in the stem growing upward and 
thus cause the leaves to be favorably placed for the performance of 
their functions. The more or less horizontal position of the leaves 
which results, in part at least, from their phototropic and geotropic 
reaction is also of obvious advantage to the plant. Similarly the 
positive geotropism and positive hydrotropism combine to direct the 
young root downward into the soil w^here its functions can best be 
carried out. 

A further illustration of the advantage to plants of certain tropisms 
is furnished by the recovery of the normal position by grain which has 
‘‘ lodged owing to heavy rains or high wind. Such lodged grain is 
at first prostrate on the ground, or semi prostrate. If the plants are 
not too old, geotropic curvature takes place at the joints, which retain 
their power of growth for a long time, and the upper parts of the plants 
are thus brought again into the normal, perpendicular position. In 
the case of wheat, oats, barley, and other grains, the stem is surrounded 
just above each node by a thick cushion of thin- walled tissue which 
is really part of a leaf base. As long as the stem remains perpendicular 
this tissue does not grow. However, when the stem is placed in a 
horizontal position or is much removed from the perpendicular, th(' 
tissue of the underside of this cushion is stimulated by gravity to 
renewed growth so that the stem is bent upward at that place and the 
upper side of the cushion somewhat compressed. If several such cush- 
ions react this way, the upper part of the shoot may be brought into 
the normal position. 

Heredity and Environment. — The plant is a working, living machine 
with structures for carrying on its various life activities. It is well to 
keep in mind that the way the plant is constructed and the manner in 
which it does its work are determined by its inheritance on the one hand, 
and by the environment in which it lives on the other. The general 
shape and structure of an apple leaf, for example, is largely determined 
by inheritance; but slight variations in the shape and thickness of the 
leaves may be due to the influence of environmental factors, such as 
moisture and light. 

Although the environment has a marked effect upon the structure 
and behavior of living things, the effect is always limited by the inherited 
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tendencies of the organism. It appears that certain structures of the 
plant are more susceptible to environmental changes than others. 
For example, leaf structure seems to be more responsive to the light 
and conditions of atmospheric moisture than is flower structure. Hence, 
the plant comes into the world with certain inherited structures and 
certain physiological activities, and it is well that we know these and 
reckon with them. On the other hand, the plant is subject to some 
change — can be trained, so to speak — and such change may be brought 
about by modifying the 
conditions under which 
it lives. The problem 
of the farmer or others 
concerned with growing 
plants, then, is just this: 
to know the plants he is 
growing, their inherited 
structures and activities; 
to know the environmen- 
tal factors operating upon 
the plants; and to seek to 
find out, what ('iivironrnen- 
tal changes will give him 
the desired response on 
the part of the jjlant. The 
response may be exprc'ssed 
in boxes of fruit, in pounds 
of tubers, in number or 
size of the flowers, in flavor 
of fruit, or in percentage 
of protein in grain; but 
whatever the particular 
response on the part of the 
plant may be, it is one of 
the grower^s chief prob 

lems to find out just what temperature, light, moisture, soil, and other 
conditions will give the desired response. 

The plant, then, is a living thing, with various structures definitely 
organized into a plant body, and this body is living in an environment 
by which it is influenced in a great variety of ways. 

The Life Cycle. — By life cycle in the plant is meant that series of 
changes through which it passes in the course of its development. 



Fig. 23. — Plant of Begonia which grew where the 
most intense illumination fell upon it obliquely 
from the right. The leaves by phototropic 
reaction have placed themselves at right angles 
to the direction of the light. 
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Every plant, like every animal, begins its life as a single cell. In the 

simplest plants like bacteria and certain blue-green algae, this single 
cell is the individual plant itself. It divides, resulting in two individual 
one-celled plants; these in turn grow and divide, and soon the progeny 
of the single one-celled plant reaches into the hundreds. The life 
cycle of such a plant is simple and brief. In such simple unicellular 
plants which reproduce by fission of one whole, old plant into two new 
and therefore young individuals, complete rejuvenation takes place 
with each division (fission). None of the protoplasm ever dies except, 
as we might say, by some such accident ” as mechanical injury 
or shortage of water, of raw materials for food manufacture, or of 
oxygen. 

There are a few species of higher plants, like common chickweed 
(Stellaria media) and common groundsel {Senecio vulgaris) y which com- 
plete their life cycle, from seed germination to flower and seed produc- 
tion, in so short a time that there may be several to many generations 
in a single year. Most of the higher seed-bearing plants do not, however, 
complete more than one life cycle in a year, and many species require 
two or more years for the completion of their life cy(de. Accrording 
to the length of the life of the individual, plants may be divided into 
annuals, biennials, and perennials. 

An annual is a plant whic^h completes its life cycle within one year’s 
time and then dies. For example, in wheat, w^hich is an annual, the 
seed germinates; the roots, leaves, and stems are produced; the plant 
reaches adult size within a few months; flowers appear and seeds 
develop. Each seed containing a rudimentary wheat plant, the embryo, 
is prepared to complete a new generation. 

A biennial is a plant which completes its life cycle within two years 
and then dies. The beet plant is a biennial. When the beet seed 
germinates, the embryo plant resumes its growth and during the first 
season produces a number of large leaves crowning a fleshy root which 
we call the beet.^’ Flowers and seed are not produced the first year, 
as in annual plants. The plant during the first year is engaged chiefly in 
storing food in the root. In the fall the leaves die but the “ beet ” 
(root) remains alive. In temperate climates the beet must usually be 
dug and stored where it will not freeze during the cold season and the 
next season the “ beet ” is set in the ground, and it sends up a branched 
stem to a height of three or four feet which gives rise to flowering 
branches. Seed is finally produced, and soon afterward the plant 
dies. As in the case of the wheat plant, the beet plant has but one period 
of seed production, after which the whole plant dies, but the beet 
requires two vegetative seasons to complete its cycle, whereas the 
wheat plant requires but one. 
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There are a number of flowering plants including many biennials 
in which, at least for a part of the life cycle, the internodes remain 
very short, so that leaves form a cluster or rosette near the ground. This 
is the case in shepherd’s purse (Capsella), certain evening primroses 
{Oenothera), Centaurea, and many other plants. 

All plants which live more than two years are called perennials. 
All the familiar trees and shrubs are good 
examples of plants which live more than 
two years. Thus in the apphi, after seed 
germination there is a succession of annual 
growth periods without production of flow- 
ers and seed. At an age of four or five years, 
depending upon the variety of apple and 
the environmental conditions, flowers and 
seeds are produced. Thereafter the vegeta- 
tive activity of the plant continues year 
after year and both vegetative organs (new 
roots, branches, and leaves) and reproduc- 
tive organs (flowers and seeds) are pro- 
duced. Though in the apple flowering 
seldom occurs until the plants are three or 
four years old, there are many perennials 
which blossom the first season and yet live 
for many years bearing flowers each season. 

There are some species of perennial plants, 
such as Agave (Fig. 24), incorrectly called 
the century plant, which grow for from ten 
to twenty-five years before they flower. 

After flowering such plants generally die. 

Vegetative activity necessarily must 
precede reproductive activity. In all plants 
there is a period, of varying length, when 
the plant is accumulating food as if in 
preparation for reproduction. In annuals 
and biennials, the plant ordinarily dies after 
producing seed. In many perennials, like 
the birches and willows, flowers appear 
before leaves in the spring of the year. In this case, as in annuals and 
biennials, the flowers and seed are produced at the expense of food made 
by leaves and stored in some part of the plant. The food used by the 
birches, elms, and willows, for example, in their production of flowers and 
seeds early in the spring before leaves are formed, was made and stored 
up by the plant during the previous growing season. 



Fin. 24. — A plant of Agave 
in flower. (Photograph fur- 
nished by Mrs. Leslie 
Moore.) 
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So it is that, in perennial plants, periods of vegetation and repro- 
duction alternate, although there are species such as have been cited 
above in which there are several periods of vegetative activity before 
the first flowering, and others where flowering occurs but once after 
many years of vegetative activity. 

Certain environmental factors may considerably alter the duration 
of these periods. For example, favorable temperature and an abundance 
of water and of available nitrogen in the soil tend to prolong the vege- 
tative period; and, on the other hand, unsuitable temperature conditions, 
a scarcity of water, and a deficiency of nitrogen in the soil tend to 
shorten the vegetative period and hasten the time of flowering and 
seed production. 



CHAPTER III 


THE CELL 

If we cut a thin slice from a root, stem, leaf, or any other living 
plant structure and examine it under the microscope we find that 
it is made up of many small chambers separated from one another 
by walls which are generally thin and transparent. More careful 
study reveals that within each of these chambers there is a viscous, 
almost transparent, substance. This is protoplasm, the living material 
of the plant, and the mass of protoplasm in a single such cavity is called 
a protoplast. The protoplasts with their surrounding walls are called 




Fio. 25. — cell from (he ti)) of a Fia. 26. — A cell from the palisade 

root of onion (Allium cepa). parenchyma of a leaf. 

ceils. Cells are in fact the units of structure and function in all organ- 
isms. They vary greatly in size but in relatively few cases is the longest 
diametc'r grc'ati'r lhan 0.25 millimeter, or h'ss than 0.025 millimeter. 
Plant cells also dilh'i- greatly in shape, in the thickness of thc'ir walls, 
and f.o a ciTtain (“xlcnt in tlu' nature of the material of which the walls 
are made. 'I'he three principal parts of the cell will be discussed in the 
following order: 

The Cell Wall. 

'rh(i Protoplast. 

The Inclusions. 
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But before proceeding to our account of these different parts which 
make up the cell we turn aside here to discuss certain physical and 
chemical facts and principles, acquaintance with which is essential 
to an understanding of the structure and particularly of the physiology 
of the cell. 

In the preceding chapter there was inserted a brief discussion of the 
two kinds of pure substances, elements and compounds, and of the 
unit particles, atoms and molecules, of which pure substances are 
composed. It is necessary at this place to extend that discussion 
somewhat and to take up a number of other physical and chemical 
conceptions. 

Essential Elements and Chemical Symbols. The known elements ai-e about ninety 
in all; twenty-seven of the most abundant are listed below in the order of their 
abundance in the earth’s crust, inciluding the atmosphere. Tlie nine most abundant, 
oxygen, silicon, aluminum^ iron, calcium, sodium, potassium, magnesium, and 
hydrogen, make up 98 per cent of the earth’s crust. The remaining eh^ments, 
about eighty, constitute approximately 2 per cent. The ten elements printed in 
italics in the list below are those which have long been recognized as essential to 
the normal development of seed-bearing plants. There is considerable, evidence, 
however, that several other elements, for example, manganese' and boron, are also 
essential. Opposite each element in the list is jilaced the' corre'sjionding symbol. 
These symbols are international in tlieir use and each one is an abbreviation of the 
English or Latin name of the (corresponding element. 


Oxygen 

. . 0 

Nitrogen. . 

.. N 

(lold 

Au 

Silicon 

. Si 

Nulphur . 

. S 

Iodine 

. . I 

Aluminum. . . . 

... A 1 

Phosphorus 

. r 

L(‘ad 

. . Pb 

Iron 

J’e 

Carbon 

c 

Mangarucse. . , 

, ... Mn 

Calcium. . . . 

Ca 

Argon . . 

A 

Mercury . . . . 

... Il« 

Sodium ... 

Na 

Barium 

Ba 

Nickel .... 

. ... Ni 

Potassium .... 

. K 

Bromine* 

Br 

riatinum . . . 

... Pt 

Magnesium 

• Mg 

Chlorine 

Cl 

Silver 

. . . . Ag 

Hydrogen. . . 

. . 11 

Copper . 

Cu 

Boion 

. B 


Chemical Formulae and Chemical Equations.— Instead of writing out the full 
name of a (compound, its formula is ofUm used. The formula of a compound con- 
sists of the symbols of the different elenmnts of which it is made up jilaced one after 
the other. When more than one atom of any element is ])r(csent, in a single molecule 
of the compound the numbei of atoms of that element in the molecule is indicated 
by a figure placed just after the symbol of that element. Thus the formula for watei 
is H2O, which shows that a molecule of water consists of two atoms of hydrogen and 
one of oxygen. The formulae of several other common compounds are given below 


CarV)on dioxide. . CO2 Sodium bicarbonate. NallCOa 

(baking soda) 

Sodium chloride NaCl Cane sugar C12H22O11 

(common salO 
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Sulphuric acid 

. . PIsSOb 

Acetic acid 

(acid of vinetsar) 

. C 2 H 4 O 2 

Calcium nitrate 

. . CaCNO,)! 

Stearin 

(a fat) 

. . CbtPTiIoOb 

Potassium hydioxide . . 

(potash lye) 

. . KOH 

Haemoglobin. . . . 

(a protein) 

. . C7fi8Hl203Ni96S3FeO*l8 


When one or more substances undergo a chemical change with the formation 
of different substances, the change is spoken of as a chemical reaction. It is con- 
venient to represent such a reaction in the form of an equation, giving on the left- 
hand side the original substance or substances and on the right-hand side the 
product or i)roducts of the reaction. For instance, the reaction which takes place 
when the element sodium comes in contact with water may be written as follows: 

2 H 2 O + 2Na = 2NaOH + H 2 

which means that two molecules of water plus two atoms of sodium react with 
the formation of two molecules of sodium hydroxide (soda lye) plus a molecule of 
hydrogen. When a solution of common salt and one of silver nitrate are mixed, 
a white insoluble substance, silvw chloride, is formed. The equation for this reaction 
will serve as another example of the use of chemical equations. 

AgNOs + NaCl - AgCl -f NaNOa 

Silver Sodium Silver Sodium 
nitrate clilorule chloride nitrate 
(infloluble) 

Carbon Compounds. — The element carbon is remarkable for the great number 
and variety of comjKiuiuls which it forms with other ehmients. In fact, as many 
as two hundred thousand different compounds of carbon are known. With the 
exception ol such very siiiqilc carbon compounds as carbon dioxide and the car- 
bonates (e.g., sodium bicarbonate— baking soda, NaHCOs*, and sodium carbonate, 
Na^COa, washing soda) these compounds exist in nature only as the products of 
living plants and animals, and an* accordingly spoken of as organic compounds. 
A number of the simpler of such compounds have alreatly been made in the laboratory, 
and it is not unlikely that we shall eventually be able I 0 ]iroduce artificially many 
of the more complex ones. Among the thousands of carbon compounds, many 
groups of somewhat similar ones are recognizable, suiih as alcohols, organic (carbon- 
containing) acids, etc. 

Carbohydrates, Fats, and Proteins. — Three groups of substances which include 
carbon compounds of vvvy great importance to both animals and plants are the 
carbohydrates, fats, and jiroteiiis. It is possible heie only to giv^e a few of the more 
general charaiiteristics of each of these groups of compounds and to name a few 
examples. 

All carbohydrates consist of carbon, hydrogen, and oxygen. No other elements 
are found in them. The oxygen and hydrogen are generally present in the mole- 
cules of carbohydrates in the same proportions as in water, that is, one atom of oxygen 
to tw'o of hydrogen. The carbohydrates include the sugars (grape sugar — CeHioOe, 
cane sugar — CioH 220 n, and many other sugars'), starch, and cellulose. The latter 
two may be represented by the same formula, (CbHioOb);!- Itt l^e case of starch and 
cellulosor as is frequently true among carbon compounds, the difference between the 
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compounds may rest not upon any difference in kind or number of atoms present but 
upon different arrangements of the atoms within the molecules. 

Fats also contain carbon, hydrogen, and oxygen atoms in their molecules. They 
differ greatly from carbohydrates in the arrangement of the atoms within the mole- 
cule. They also differ in that the number of oxygen atoms in the molecule of fat is 
relatively smaller in proportion to the number of carbon and hydrogen atoms than it 
is in a carbohydrate molecule. Fats are very abundant in the seeds of cotton, 
peanut, coconut, corn, and flax but are present in all 
living cells. Palmitin (CsiHgsOe) and stearin (CeTlInoOe) 
are examples of fats. 

Proteins are very complex carbon compounds, con- 
taining, in addition to carbon, hydrogen, and oxygen, 
the elements nitrogen and sulphur. Some proteins also 
contain i)hosphorus. Gelatine and egg white consist 
almost entirely of proteins. Plaemoglobin, the red 
pigment (colored material) of the blood, is also a protein 
with the formula, C768lli203Nm6S3FeO2i8- 

Mixtures. — qusmtity of matter in which more 
than one kind of molecule is present is spoken of as 
a mixture; that is to say, any material consisting of 
two or more pure substanccis not united into a compouiul 
is a mixture. The elements in a com])ouiid, it will be 
recalled, are alw'ays present in certain dedinite and con- 
stant projiortions, but a mixture may vary greatly as to 
the proj)ortious of its constituents. Mixtures aie of two 
princijial kinds: solutions and heterogeneous mixtures. 

Solutions. — If a small (juantity of the pure sub- 
stance, sugar, is added to the jmre substance, water, 
and the container is shaken or its contents stirnnl, the 
sugar disappears. As the sugar goes into solution in 
the; water, the sugar molecuh^s become seyiarated from 
one another and uniformly distributed through the re- 
sulting solution. The largest particles in sindi a solution 
are molecules; and since molecules are too small to be 
seen with even the liiglarst powTr of the microsco])e, the 
different constituents of a true? solution can not be distin- 
guished by the eye. By its appc^arance such a solution 
is not to be distinguished from pure water. 

A solution differs from a cornyiound in two respects: 
first, in that it consists of at least two kinds of mohv 
cules; and second, in that the projiortioiis of the com- 
jionents may vary continuously. That is, sugar solu- 
tions may contain any concentration of sugar from only a trace to a hundred 
parts or more of sugar to one hundred of water. 

The different substances making up any solution are spoken of as the com- 
ponents of the solution. When one of the comyxinents is water or some other liquid, 
it is generally spoken of as the solvent, while the components which arc dissolved in 
the solvent are spoken of as solutes. In most familiar solutions water is the* solvent. 
The solute may be a solid substance, such as salt or sugar, another liquid such as 



Fig. 27. — A cell from 
a squash (Cucurhiia) 
as seen in optical sec- 
tion, showing the cyto- 
plasm lining the wall, 
the vacuole, and the 
strands of cytoplasm 
crossing the vacuole 
and supporting the 
mass of cytoplasm 
which surrounds the 
nucleus. (After Sachs.) 
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alcohol, or a gas. “ Soda water ” is a solution in which water is the solvent and 
carbon dioxide the solute. 

Most solutions are liquid, but there are also solutions (air, for example) of several 
gases. There are also solid solutions such as glass, certain alloys, and solutions of 
several metals. 

Heterogeneous Mixtures. — If the particles of one or more of the substances in a 
mixture are considerably larger than molecules the mixture is a heterogeneous 
mixture. A i)iece of granite is an example of such a mixture, consisting of particles 
of different kinds of rock clearly distinguishable by the naked eye. Similarly a 
mixture of white sand and sugar is a heterogeneoas mixture. The particles can be 
readily distinguished by the use of a lens or a microscope, and are many times larger 
than molecules. Generally the different constituents of such a mixture can be 
se])arat(^d by mechanical means. 

Colloidal Mixtures. —A peculiar kind of heterogeneous mixture, which is of great 
interest especially to botanists and zoologists, is the colloidal mixture. In most 
colloidal inixt.ures one or more of the components is mixed with a liquid and is in so 
fine a state of division (tiny solid particles or droplets) that it settles out, if at all, 
v(Ty slowly. The suspended particles of a colloidal mixture may be too small to be 
seen by th(^ most iiowcuful microscopes but are larger than molecules. In such 
cases a colloidal mixture may appear perfectly clear like a true solution. If an 
intense bcjirn of lighti is passed through a colloidal mixture, however, the path of the 
l)G'ain will be distinctly visible where it j)asses through the solution. This is due 
to the fact that the ('olloidal particles in suspension are large enough so that they 
ai)preciably scatter the light, just as do dust particles when a beam of light enters 
a, daikened room. If a true solution, for example, salt in distilled water, is used, the 
jiatli ol the light through the solution will not be visible because the particles of 
dissolved substanc(‘ arc not, large enough to scatter light to an appreciable extent. 

I'aniihar ('xarnjiles of colloidal mixtures are egg white, glue, or gelatine mixed 
with water. Even sudi substanciis as common salt, wdiich form a true solution 
with wiit(’r, may lorm a colloidal solution in some other liijuid. When a substance 
such as dry glue is j)laced in contaert with water, with which it (‘an form a (Colloidal 
mixture, it absoilis the liciuid and swcdls. This absorption of water with attendant 
swelling IS spok('n of as hydration. As the n^sult of hydration, a jelly-like colloidal 
ma.ss, called ;i, gel, is forriK'd. In many cases, as more and more water is absorbed, 
the gel becomes a liquid. In this condition it is spoken of as a sol. Gelatine can 
ta,ke uj) by hydration thirty to forty times its weight of water and still remain a 
g(‘l. Lowering the Ic'mtieraturo of a sol may change it into a gel, and vice versa, as 
when a }iot of glu(^ is heatc^d or allowed to cool. Some sols are changed by heat or 
certain chemicals into gels and can not be changed back to sols again. 

The rt'lation of some of the subjects just chseusstxl to the structure and functions 
of the cell may be made clearer b> the following statenients in which some of the 
terms explained above are used. The protojilast of a jilant cell is generally sur- 
rounded by a Avail eomfiosed princijially of the compoundy cellulose, whose molecules 
arc made up of alonifi of the elcmcjitsy carbon, hydrogen, and oxygen. Everything 
that enters the jilant, cell must be in the form of a true solution, ffor substances in 
colloidal solution (!an not pass through the wall or enter the c5d-oplasm. The cyto- 
jilasm itself is a colloidal solution in which many small particles (but larger than 
most molecules) of proteins and other substances are suspended in a watery true 
solution. 
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THE CELL WALL 

The wall is secreted by the protoplast which it encloses. Where the 
wall separates the protoplasts of two cells, as it does in most cases, 
it is produced in part by each of these two masses of protoplasm. When 
the cells are young, a very thin wall common to both of them separates 
adjoining protoplasts; but as they grow older, successive layers of new 
cell-wall material are laid down by both protoplasts so that the wall 
may finally come to have a thickness many times as gr(\at as when 
it was first formed. The original thin wall separating two adjacent 
protoplasts is called the middle lamella. It is largely composed of a 
substance called pectose or of a compound of a related substance 
(pectic acid) and lime. The rest of the cell wall, except in cells of the 
wood, cork, epidermis (single layer of cells forming the surface tissue), 
and a few other tissues of stems and leaves, is mack' up almost entirely 

of the carbohydrate cel- 
lulose (CkiHioOs),,. Cane 
sugar, glucose', or grape 
sugar, and starch are other 
familiar exaiuples of carbo- 
hydrat es. d'he pec^tose 

presc'iit in large quantities 
in the middle lamc'lla, and 
in small quantities in the 
r(‘st of the cc'll wall easily 
changesinto pc'ct in. Pectin 
is a substance wdiich cause's 
fruit jellic's to stiffen if 
it is pr('s(*nt in sufficient 
quant it u's, and if it is 
accompanied by proper 
proportions of fruit acid 
and sugar. Cellulose is 
a. material which is prol>- 
ably of greater economic 
importance than any other organic material not used as food by man. 
Cotton, linen, hemp, and wood consist of pure cellulose or of cellulose 
mixed with other substances which will be discussed later. Man is 
unable to use cellulose for food, but it can b(^ digested and utilized 
by cattle and other herbivorous animals. It has also come to be us(^d 
as a raw material in the chemical industries which produce such sul)- 
stances as guncotton and other explosives, celluloid, artificial silk 
(rayon), lacquer, and other materials of great commercial importance. 



Fia. 28 .- 


-Section of endosperm of datf spod show- 
ing plasmodesma. 
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THE PROTOPLAST 

Each protoplast is a more or less independent unit. However, it has 
been demonstrated that there are very minute perforations in the walls 
separating adjaecmt protoplasts, and that through these openings extend 
fine threads of protoplasm, ea(*h thread being (‘ailed a plasmodesma. 

Protoplasm is not a single chemical compound, but a very complex 
mixture of many diffenait compounds. These include carbohydrates, 
water, fatty substances, proteins, and simple compounds of the metals 
(^al(‘ium, potassium, and magnesium, and of phosphorus, sulphur, and 
iron. With the exception of the water, the proteins are present in larger 



Fig. 20. — A trachcid (dead conduct uik coll of wood), showing the lumen, which ia 
the cavity lormerly occujjicd by the ju'otophist, the C(‘ll wall and spiral thicken- 
ing;, both orif^inaliy of cellulose, and the middle laniclia, A, a portion of a 
tracheid in loni^itudinal section; B, a tracheid in cross section. (Redrawn from 
Shaip's Cytolo(jy, McGraw-Hill Book Co,, Inc.) 

(quantities than tiny of the other substanc(\s. Familiar examples of pro- 
t('ins are gela1in(‘ and egg white. In tiddition to carbon, oxygen, and 
hydrogen, the proteins contain nitrogen and sulphur, and in some pro- 
t(‘ins phosphorus is also present in the moh'cule. The protoplasm gen- 
erally s(‘(‘nis to be of the consistency of ti auscous licquid, though in some 
c(‘lls and under certain conditions it is more like a stiff jelly. It is a col- 
loidal mixture (see ptige 51 ) of jxirticles and drops, usually too minute to 
be visible, suspeuKh'd in a fluid. The living protoplasm of most colls con- 
tains from 60 to 90 per cent of water. When a cell dies the protoplasm 
loses its liquid or viscous consistency and (‘oagulates or sets into a firm 
mass. 

The protoplasm of the cell is not uniform but is diffcTentiated into 
a number of cell organs and regions. These different parts of the proto 
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plast and their relations to one another are shown in the following 
outline : 

[ Cytoplasmic mrinhrancs 


The Protoplast 


Cytoplasm 


General cytoplasm including plastids 
and chondriosoiiics 


N ucleus 


Nuclear membrane 
Nuclear sajj 
Nucleoli 
Nuclear net 


The Cytoplasm. — In the protoplast of every typical cell there is a 
round or oval structure called the nucleus. All of the protoplasm out- 
side of tlie nucleus is called cytoplasm. The cytoplasm forms, in most 
cases, the greater part of the protoplast. Non-living inclusions (gran- 
ules, crystals and vacuoles) may be found within the cytoplasm. Th(i 
most common of these arc the vacuoles, which may be thought of as 
drops of a watery solution of various substances embedded in the cyto- 
plasm. ^^‘lcuol(^s vary greatly in size. They sometimes make up by far 
the greater part of the volume of the cell. 

In some (;ases there may be distinguished at the oTjter surface of 
the protoplast, where it is in contact with the cell wall, a thin layc'r 
which is not finely granular like tlu' rest of the cyt.oplasm but. clear 
and highly transparent. Although it is impossible to s(‘e such a layer 
in many plant c('lls, there are other grounds for believing tlaat, wh(T(‘ver 
the cytoplasm is in contact with th(i cell w^all or with the contemts of the 
vacuole, there is a surface layer dilTc ring considerably in its properties 
from the rc'st of the cytoplasm. We shall speak of such layers, which 
are no doubt generally too thin to be visible even under the microscope, 
as C3rtoplasmic membranes. It is generally assumtal ])y botanists that 
these layers arc semipermeable or, perhaps IxddcT, ditlerentially per- 
meable membrane's. Suedi me'iiibrane's permit the free passage through 
them of wate*r and some dissolveel substances but preve'iit, or at le'ast 
very greatly hinder, the passage of certain other dissolve'd substances. 
These e-ytoplasmic membranes have long be'en thought to be^ of gre'at 
importance because of their suppejsed e;ontrol ove'r the cntrane*-e anel exit 
of substances into and from the cell. 

Plastids and Chondiiosomes. — In many cells there are specialized 
cytoplasmic (living) structures called plastids. These are genc'rally 
spherical or ellipsoidal in form and may be considered to be portions 
of the cytoplasm which are specially differentiated to perform a par- 
ticular function in the cell. The plastids are of threes kinds, differing in 
color and in the nature of the work which they perform. There are 
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green plastids, which arc called chloroplasts; colorless ones known as 
leucoplasts; and chromoplasts, which 
may be yellow, brown, or red in color. 

The green color of the chloroplasts is due 
to the presen(‘e of pigments (colored 
compounds) which may bo dissolved 
out by means of alcohol, ether, acetone, 
and other organic solvents. Two of 
these pigments (chlorophyll a and 
chlorophyll b) arc green ; the oth('r two 
(carotene and xanthophyll) an' yellow. 

Freciuenlly the term chlorophyll is ap- 
plied to the mixture of chlorophyll a 
and chlorophyll b which always occur 
together or erronc'ously to the mixture 
of all four pigmemts which can b(' dis- 
solvc'd out with alcohol. From this 
mixture of the four pigments it is pos- 
sible, though, to separate tlu' four difTenmt colorc^d compounds, the 
chemical fonnula(i of which are: 

Chlorophyll a . C66Tl7206N4Mg 

Chlorophyll 1) . C\6H7oOcX4Mg 

Carotene.... . C 40 H 66 

Xanthophyll.. . . C 40 H 66 O 2 

It is an interesting fact that the presence of the element iron in a 
plant is essential to the formation of chlorophyll. Because plants 

deprived of iron failed to form 
chlorophyll, it was formerl}" be- 
lieved, before the composition of 
chlorophyll was known, that iron 
must be a component of chloro- 
phyll. As the formulae show, that 
is not the case. Not iron but an- 
other element, magnesium, is the 
only metallic^ element in chloro- 
phyll. 

The quantity and color inten- 
sity of the green pigments are 
such as largely to mask the yellow 
pigments. It is the chloroplasts 

1 10 . 31. Stcych-storing coll of Pellionia which give the color to the green 
showing loucopljists :iiul con tamed n r i 

starch grams. (Redrawn from Gager.) of leaves and of the young 




Fia. 30. — Chloroplasts from a to- 
bacco leaf, Xi200. The larger 
granules are starch; the chloro- 
phyll is lo(!alized in the smaller 
granules. (From Weier.) 
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parts of stems. Organs which do not normally possess chloroplasts, 
such as the tubers of the potato, may develop green plastids when 
exposed to the light. In such cases leucoplasts which were present in 
the cells before exposure to light are stimulated to produce pigments 
and are thus transformed into chloroplasts. 

The green plastids (chloroplasts) are the centers of the process of 
photosynthesis, by wliich the simple compounds, carbon dioxide and 
water, secured from the air and from the soil, are built up, first into 
sugar, and then into starch. In most green cells, starch grains make 
their appearance within the chloroplasts soon after photosynthesis 
begins. During the night when photosynthesis can not go on, these 
starch grains disappear. In the cells of starchy seeds (rice, wheat, etc.), 
in the tubers (modified underground stems of white potatoes), in sweet 
potato roots, and in the non-green 
cells of other organs, starch is ofhai 
stored. The starch-storing cells 
of such organs are able to change 
certain sugars (which were origi- 
nally produced by photosynthesis 
in the chloroplasts of the leaves 
and then transferred to the storage 
organs) into starch. The starch 
is built up inside the leucoplasts 
into starch grains. As thes(‘ grains 


Fig. 3a. — Cells from the eiiiyx of the 
Bir<i-ol-Par;i(iisc flower {Strchtzui), 
Fig. 32. — Cell from the flesh of a tomato showing; ehromoplast.s Tlui C(;ll on 

{Lycopermeum esculenium), showinj^ the left, is shown in surfaee view, 

the chromoplasts which pive the toma- the one on the ri^ht in median opt ical 

to its red color. (After Frank.) section. (Drawing oy A. W. Bell.) 

increase in size the leucoplasts stretch to many times their normal 
size. 

Chromoplasts are responsible for the red, yellow, or orange c,olor of 
many flowers and fruits. They owe their color principally to the two 
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pigments, carotene and xanthophyll. These two closely related pigments 
occur in the tissues of animals; the yellow color of egg yolks and of 
butter fat is due to them. There is evidence that the fat-soluble vitamin 
A in the animal body is convert('d from carotene. In many cases the 
colors of flowers or fruits are due, not to pigments (contained in plastids, 
but to colored substances dissolved in the solution contained in the 






■ I." y ChoDdrioBomea 


vacuoles of the cells. A single plastid may be in turn a leucoplast, a 
chloroplast, and a chromoplast. This is the case in the cells near the sur- 
face of many fruits, su(;h as the red pepper or tomato, but the Icucoplasts 
of tissue not normally exposed to the light never become chloroplasts or 
(diromoplasts. In the young flower of these plants, the ovary, that part of 
the flower which develops later into the fruit, is almost colorless and the 
cells near the surfac^e contain numerous Icucoplasts. Later, the ovary, as 
well as the young fruit which develops from it, will become green and 
chloroplasts will be found to have developed from the Icucoplasts. As 
the fruit ripens, the chloroplasts are transfonned to chromoplasts, and 
the color of the fruit changes from green to red. 

Plastids probably , 

. . r - Nucleoli -Nucleus 

arise by division of pre- i 

existing plastids; their — n.- 

division can be ob- -- rv. a ^ 

served in algae and m * 

thin leaves, such as / 

those of moss. i " ll/ 

Small rod-shaped 
bodies, granule's, or fil- 

aments are found in the I 

cytoplasm of the cells 

(particularly young ^ 

cells) of both plants and ^ ^ / 

animals. These are ^ 

^ Leucoplasts 

called chondriosomes or 

mitochondria. StMvial Tia- 34 --' cell from the root of a Barden pea (Pt.um 
' sativum showiiip: chondnosoincs sciitteml through 

staining methods are the cytoplasm. (Redrawn from Mottier.) 

iieta'ssary to make thi'se 

visible. Though of almost univ’^ersal occurrence, there is no general 
agreement among cytologists as to thtir nature and function. 

The Nucleus. — The nucleus apparently controls in some way most 
of the activities which go on in the living cell, and its removal is soon 
followed by the death of the cell. There is abundant evidence that it is 
material within the nucleus which is principally responsible for the 
inheritance by organisms of the characteristics of their ancestors. 


Starch Graina 


Leucoplasts 

Id. 34. — A cell from the root of a garden pea (Pisum 
sativum), showing chondriosomes scattered through 
the cytoplasm. (Redrawn from Mottier.) 



58 


THE CELL 


Typically, the nucleus is a spherical structure (although ellipsoidal, 
disc-shaped, or considerably elongated nuclei occasionally occur), sur- 
rounded by a nuclear membrane and containing a highly transparent 
material called the nuclear sap. This may be a sol or a gel. 

Within the nuclear sap are the nucleolus (plural, nucleoli) and the 
nuclear net. The nucleolus is another cell structure concerning the 
function of which cytologists differ. It seems likely that one of its 
functions is the storage of reserve material of some sort. Usually the 
nucleus contains only one nucleolus, two or more may occur in a single 
nucleus, but rarely are they lacking altogether. The nucleoli are usually 
spherical in form. During the division of the nucleus into two nuclei 
at the time of cell division, the nucleoli disappear entirely and reappear 
again in the two new nuclei when the process of division is complete. 

The nuclear net may, in some cases, be quite clearly seen in living 
cells examined under the microscope. Usually it is necessary to fix 
and stain the cell before the net can be made out. When the cell is 
thus treated, certain deeply stained granules are found here and there 
along the thread of the nuclear net, while the thread itself is found to 
be v(Ty slightly or not ar. all affeeded by the staining solution. Though 
it was forni(‘rly assumed that the net consisted of two different kinds 
of materials, linin and chromatin, it now seems more likely that the 
whole nuclear net consists of chromatin, which stains more distinctly at 
the interse(‘tions of the threads than elsewhere. The chromatin is 
without question a substance of very great importance. There is very 
conclusive evidence that it is this substanc^e whic!h bears the charac- 
teristics which the plant is able to pass on to successive generations. 
There can be no doubt that the resemblance of a plant to its parents 
is due to the fact that in the process of reproduction some of the chro- 
matin of each parent plant is (contributed to the new individual. It 
should be borne in mind that these and all the other parts of the nucleus 
and cytoplasm which have been mentioned, though they may differ 
in consistency, in staining properties, in chemical composition, and in 
other particulars, are included under the general term protoplasm. 

INCLUSIONS 

Within the cytoplasm may be found various non-living structures 
which are called inclusions. These may be drops of (1) liquid (vacuoles), 
or (2) crystals, or (8) solid bodies of various non-crystalline forms, 
chiefly startch grains and protean bodies. When they are small it may be 
difficult in some cases to determine whether they are part of the cyto- 
plasm or actually non-protoplasmic in nature. The inclusions may be 
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(a) accumulations of raw materials for food manufacture, (6) food, (c) by- 
products and waste materials. They are generally absent from very 
young cells but appear in increasing number as the cells grow older and 
arc particularly conspicuous in cells whi(;h serve for food storage. 

Vacuoles. — These arc inclusions in the form of drops of liquid which 
are found in all but the very youngest cells. As a young cell grows, 
its volume increases much more rapidly than does the quantity of 
protoplasm within it. As a result there is not sufficient protoplasm to 
fill completely the cell cavity. The water which is absorbed by such 
cells as they grow makes up the difference in volume. Although the 
cytoplasm may be somewhat diluted by the absorbe d water, much of the 
latter forms droplets or small vacuoles which are numerous at the time 
of their first appearance. As the cell grows these increase in size and 
some of them come into contact with ea(?h other and fuse. Thus they 
become fewer in number but larger in size in the older cells than in the 
younger ones. By the time the cell has reached its greatest size then^ is 
generally only a single large vacuole. This is commonly larger in vol- 
ume than the protoplasm and occupies the center of the cell so that the 
protoplast in old cells has the form of a closed sac. In such cells the 
nucleus lies near the cell wall, embedded in the (*ytoplasm, or is sus- 
pended in the large central vacuole by fine threads of cytoplasm which 
are connected with the cytoplasm lining the cell wall. In the lalter 
case the nucleus is surrounded by a layer of cytoplasm. It is never in 
direct contact wdth the vacuole. 

The vacuole contains, not pure water, but a solution of many 
substances ilissolved in water. Among these substances arc (1) the gases 
of the atmosphere, including nitrogen, oxygen, and (‘arbon dioxide; 
(2) inorganic salts (such as nitrates, (‘hlorides, sulphates, or phosphates 
of the metals potassium, sodium, calcium, and magnesium) ; (3) organics 
acids (such as malic, formic, acetic, and oxalic acid); (4) compounds of 
some of these a(‘ids with the metals named above; (5) sugars (such as 
cane sugar, grape sugar, and malt sugar) ; (G) soluble proteins and sim- 
pler nitrogenous compounds; and (7) other substances. The cell sap is 
generally slightly acid. In the cells of beet roots and of tlie flowx^rs, 
knaves, or other parts of many plants, the cell sap fn^pKaitly contains 
dissolved anthocyanin pigments which give them a red, purple, or blue 
color. The anthocyanins belong to a chemical group known as the', 
glucosides; these are compounds which, when broken up into less 
cornpk^x substances, yield the sugar glucose or some other monosac- 
charose, and certain other compounds. The reaction of the cell sap 
determines the color of the anthocyanins; for example, when the cell 
sap is alkaline, the color is blue, and when the cell sap is acid, the color 
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is red. The function of anthocyanins is still a matter of dispute. In the 
carrot, on the other hand, the yellow color is due to pigments in the 
chromoplasts. In some colored flowers the two methods of coloration 
are combined, both colored cell sap and chromoplasts being found in the 
same cell. 

In addition to vacuoles containing a watery cell sap, there are found 
in certain cells oil drops of considerable size which are sometimes 
spoken of as oil vacuoles. They never reach the size of the cell-sap 
vacuoles of mature cells. 

Crystals. — Cells with crystal inclusions can be found in almost all 
plants. The crystals may be large ones occurring singly in the cells, 
or numerous very fine crystals scattered through the cytoplasm and 
often called crystal sand, or bundles of fine sharp needles (raphides), 
or spherical groups of radiating crystals. The crystals are formed in 
vacuoles, which, in cells containing raphides, have cell sap of a mucilag- 
inous nature. In many cases the crystals consist of calcium oxalate. 

Oxalic acid is a by-product of 
certain activities of the plant. 
It is a soluble substance and 
one which is toxic to the proto- 
plasm, if it reaches a high 
concentration in the cell. 
When imitc'd with calcium, the 
soluble oxalic a(*id is convertc'd 
into the highly insoluble cal- 
cium oxalate which can not 
injure the protophxsm. Som(‘- 
times the crystals found in 
living cells consist of calcium 
carbonate. Protein crystals 
are also found as inclusions in 
plant cells as well as non- 
crystalline protein particles. 

Starch Grains. — These in- 
clusions are generally to be 
found in green cells aft(ir a 
period of active photosynthe- 
sis, and in various food-storing cells, such as those of the potato tuber and 
of many seeds. The stored stanch of plants is perhaps the single most 
important compound used as food by man. The starch grains which are 
produced in green food-making cells are formed within the chloroplasts. 
Those found in food-storage cells are produced within the leucoplasts. 



Fig. 35. — Crystal inclusions. Ay a cell from 
the stem of spiderwort (Tradescanha) 
showing a group of raphides. By a cell 
from the leaf-stalk of dock (Rumex) show- 
ing a crystal cluster. In A the cytoplasm 
h^ been omitted. 



HISTORY OF OUR KNOWLEDGE OF THE CELL 


61 


The grains of stored starch consist of successive layers, which are often 
thicker on one side of the grain than on the other. This is conspicuously 
the case in the starch grains of potato. Sometimes a number of small 
grains are united into a group which is called a compound grain. Com- 
pound grains occur in rice, oats, and some other cereals. 

The starch molecule consists of carbon, hydrogen, and oxygen 
atoms united in the proportions of six of carbon to ten of hydrogen 
and five of oxygen. Starch grains are insoluble in water. The plant 
is able to change starch into certain sugars which are soluble in the cell 
sap and which can pass from one part of the plant to another. 

When a green cell which contains starch within its chloroplasts 
discontinues photosynthesis, as it does when night comes on, the starch 
is changed into sugar which passes to parts of the plant where it will be 
used or stored. 

The sugar which reaches the storage tissues may be stored in the 
cells in the form of sugar, as in the sugar beet, or may be (converted 
again by leucoplasts into starch, as in white potatoes and sweet pota- 
toes, and nauain in this form until it is needed by the plant. It is 
then changcHl l)aek into sugar and pa.sses to the parts of the plant where 
it is to be used as food. 

When s1ar(‘h grains are treated with a 
solution of iodine tlu'y be(‘omo blue in color. 

The form of the grains of stor(‘d .starch is 
dilfenmt in diffenmt jdants, a fact which 
oft('n niakt's it- po.ssible to det(*rmine, by 
microscopic exaniination of a .sample of 
starch, from wliat jdant it was .secured. 

HISTORY OF OUR KNOWLEDGE 
OF THE CELL 

Cells were first seem by Robert Hooke, 
an lOnghshman, who in addition to being a 
prof(‘ssor of geoiiK'try, an arcdiitect, and an 
expiu’imenter with flying machines, was also 
interested in optics, and greatly improved 
the comi)Ound microscope, an iirstrument 
whii‘h had been invented by Zacharias Jan.sen, a spectacle maker of 
Middleburg, Holland, in 1590. The compound microscope soon became 
a most important tool of biological scienc^e and such it has remained. 
Hooke, who \ivi\l from 1636 to 1703, examined a great number of 
natural objects with liis improved microscope. It was when he placed 
a small fragment of c-ork (the dead outer bark of woody plants) under 



Fig. 3G — Robert Hooke il- 
lustrations of cork cells in 
longitudinal and cross sec- 
tion as he .saw them under 
his microscope. Reduced 
facsimile reproduction from 
li is M i crogra ph ia published 
in 1065. 
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his microscope that he first observed the numerous cavities which we 
now know to be characteristic of the structure of all plant parts. He gave 
the name cells to the cavities. In the cells of cork there is no protoplasm, 
and even when Hooke examined slices of living plant tissue the contents 
of the cells escaped his notice on account of the transparency of the pro- 
toplasm and the imperfections of his microscope. The term cell is still, 
and perhaps always will be, generally used for the structural units of 
plants and animals although it is now recognized that the protoplast is 
the essential part of the cell and that the wall is merely a product of the 
protoplast. Hooke madci no systematic study of the cellular structure 
of plants. This was first attempted by the Italian professor of medicine, 
Marcello Malpighi (1628-1694), who published an Anatomy of Plants 
in 1675, and by Nehcmiah Grew (1641-1712), an English physieaan, 

who worked out the form 
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of the cells and their 
arrangements in different 
parts of the plant. These 
nam did not, however, see 
th(' protoplasts of the cells 
which they studied, and 
had no idea how the cell 
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riG 37. — Facsimile reproduction of part of the text 
of Hooke’s M icrugr aphid in which lie describes his tmatomy, attempted to 
observations on the cellular structure of cork. puf; jnto the form of a 

general statement or the- 
ory the facts which they and earlier workers had discoven.'d as to the 
structure of plants and animals. The theory had its origin in a conver- 
sation held between these two friends while they w(ire dining together 
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one day in October, 1838. After dinner Schleiden accompanied Schwann 
to the latter’s laboratory where he examined some of Sc.hwann’s micro- 
s(;opic preparations and was struck with the many points of resemblance 
between the animal cells which he saw there and the plant cells which 
he had himself studied. Schwann was largely responsible for the 
publication of the theory which grew out of this and later discussions, 
but it is doubtful whether the theory would have been put forward at all 
but for Schleidcn’s contributions. In its main features the theory was 
correct, but more important than its truth or falsity is the fact that it 
proved to be a stimulus to renewed and more searching investigations 
and thus marked the b(iginning of a new epoch in the study of anatomy 
of plants and animals. In the words of Schwann, this theory set forth 
that the elementary parts of all tissues are formed of cells in an analo- 
gous, though very diversified, manner, so that it may be asserted that 
there is one universal principle of development for the elementary 
parts of organisms, however 
different, and that this prin- 
ciple is the formation of cells. 

Discovery of the Nucleus 
and of Protoplasm. — Robert 
Brown in 1831 first rc(!Og- 
nized the importance of the 
nucleus and its constant oc- 
currence in living c(*lls. He is 
gcuierally giv(m the credit for 
its dis(^overy. 

The j)r()t,()plasm of the cell 
was obs(Tvc*d by C’orti as 
early as 1772. Dujardin, in 
1835, noted the constant 
occurrence, in the (H'IIs of 
certain simple animals, of a 
j(‘lly-like substanc'e for which 
he proposed the name, sar- 



code, and which he recog- 
nized as th(' living material of 
these animals. I^]leven years 
later the botanist von Mohl 


Fia. 38. — MatthiawS Jakob Schleiden (1804- 
1S81) the German botanist who together 
with the zoolcjgist, Schwann, propounded 
The Ceil Theory, 


proposed the name protoplasm for a substance which he found in the 


cells of plants, and in 1861 Max Schultze showed by his studies that a 


substance su(;h as Dujardin had observed in simple animals was also 


present in the cells of higher animals, and thus established the close 
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similarity of the living substance of plants and animals. He formulated 
what is now generally known as the protoplasm doctrine, i.e., that each 
unit of organization of living things consists of a mass of protoplasm 
surrounding a nucleus and that the protoplasm of plants and that of 
animals are not essentially different. 

Since the appearance of the protoplasm doctrine, our knowledge of 
plant anatomy and cytology has increased enormously. To recount 
here even the most outstanding discoveries which have been made 
during this period would make too large a demand upon our space. 
Among those who have contributed during the past fifty years to the 
great store of information about the structure and functions of the 

cell, one of the most outstanding 
figures is that of St ras burger, for 
many years ])rof(\ssor of botany 
at the University of Bonn, Ger- 
many. His faiiK* rests not only 
on his many and important dis- 
coveries relative' to tlu' structure 
and behavior of the nucleus and 
other parts of the cell, Init also 
upon th(‘ fact that h(' taught and 
inspired many stud(‘nts who lat(T, 
by their investigations, greatly 
advanced our knowledge of c('ll 
structures and physie)logy. 

THE PHYSIOLOGY OF THE CELL 

Most plants are multicf'llular, 

Fig. 39.— Theodor Sehwann (1810- that is, are' inaele* up of many 

1882) the German zoologist, who was cells — hundreds, the)usands, or 

with bchleiden co-author of 2 he tell , 

Theory. even millions ol them — and the 

organs in which the various 
essential activities of the plant go on are, in most plants, alse) multicel- 
lular. Yet every function which the plant performs is but the expression 
of the activities of individual cells, and in unicellular (onevcelk'd) plants 
all of the physiological processes are carried on within a single protoplast. 
Th(' most important of these processes, namely, absorption, photosynthe- 
sis, assimilation, growth, and reproduction, as they go on in a single cell, 
ar(i discussed below. 

In reading the following account of these physiological processes the 
student may well keep in mind one of the many different species of green 
unicellular plants which may be found by microscopic examination of the 
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water of ponds or streams, of moist soils, or of the wet surfaces of stones. 

Absorption. Solution . — Since it is impossible for substances to 
enter the plant cell except in solution in water, it is necessary to learn 
something of the properties of solutions before we can understand the 
process of absorption. 


On pages 50 and 51 a solution was defined and the distinction pointed out between 
true solutions and colloidal solutions. Except where otherwise stated we shall here 
use the term solution to designate a molecular solution, that is, a solution containing 
no particles larger than mohiculcs. In every solution two or more substances are 
present. They are spoken of as the components of th(i solution. It is customary 
to speak of the liquid comjxment, or, if there is more than one liquid component, 
of the one which is })rosent in largest quantity as the solvent^ and of the other com- 
ponent or components as the solute or solutes. That tlie distinction l)etween solvent 
and solut(*, though a conveni('nt one, is an entirely arbitrary one, is clear when we 
consider a solution consisting of equal volumes of wat(T and alcohol. In such a 
solution, w(‘ may w’(‘ll ask ourselves which would be the solvent. In the case of the 
solutions from which plants absorb substances the solvent is water. It is true that 
the atraosj)here, a solution of several gases, supplies substances, oxygen, and carbon 
dioxide, which are absorbed by plants, but these gases must go into solution in 
water before they actually enter the cells. All other substances besides carbon dioxide 
and oxygen are absorbed, in the case of typical seed-bearing jdants, ferns, and mosses, 
from the water solution existing in the soil. In the case of the unicellular green plants, 
which we have rac'ntioned, all materials are absorbed from the water (of the sea or 
of streams, lakes or ponds) in which they are submerg(‘d. Soil water, sea water, and 
the water of rivers, ponds, and lakes are dilute solutions. That is to say, they are 
solutions in which the number of molecules and ions of solutes is very small relative* 
to th(* number of water molecules. 

A great many of the comjiounds which arc soluble in water exist in solution in 
water not only as molecules but also as parts of molecules wdiich are called ions. 
Thus a crystal of common salt, NaCI, wlien dissolved in water yi('lils not only NaCl 
molecuh'S but, also Na ^ and Cl” ions. These sodium ions and chlorine ions are not 
the same as atoms, for, as the plus and minus signs written after the symbols indi- 
cate, they art' electrically charged, the sodium ion with a unit positive charge and 
the chlorine ion with a unit negative charge. A\'hcn the water of the solution is 
removed by evaporation or boiling, the ions unite again to form salt molecules 
and the molecules again become arranged so as to form salt crystals. In their 
jiropertics and behavior, ions are quite different from the molecules which produce 
them. Ions may consist of groups of atoms. Thus when caustic potash, KOII, 
goes into solution in water some of the molecules break up into K"*" ions and OH~ 
ions. Similarly sulphuric acid (H2SO4), in water may give 11 '^ ions, HSO4" ions, 
SO4 ions, and some II2SO4 molecules in the solution. 

Most of the substances which green plants absorb from outside are more or less 
ionized (broken down into 10 ns) when in solution in water. Many substances, 
cane sugar, glucose and glycerine, for instance, do m>t ionize at all. In the case of 
compounds which do undergo ionization in water, the proc('ss is more complete the 
more dilute the solution. Thus in a very concentrated solution of such a compound 
relatively few of the molecuUjs of the solute break up into ions, but in a very dilute 
solution almost all of the molecules are ionized and very few molecules of solute 
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remain. We shall use the expression dissolved particles to include both molecules and 
ions of a solute. 

Diffusi07i.^ — This is a process which plays a very important part in 
the life of the plant. If a piece of any soluble substance be dropped 
into a glass of water it will gradually go into solution (Fig. 40). If a 
crystal of copper sulphate (blue vitriol) or other deeply colored sul> 
stance is used wo more easily follow the process of solution and diffusion. 
For some time the solution will be more dee^ply colored in the vicinity 
of the crystal, indicating that the dissolved partich^s of solute are nearer 
together there than in more distaiit parts of the solution. In time 
the whole solution will become uniform in color, indicating that the dis- 

solv('d particl(‘S of the solute have become 
uniformly distributed among the water mole- 
cules. 

Such scattering of the molecules or ions of 
one component of a solution among thost' of 
the other components, resulting in a uniform 
distribution of the particles of all components 
throughout the solution is called diffusion. 

Diffusion is not restricted to solutions in 
water or otluT lujuids but takes place also in 
solutions in which one or all (^f the components 
arci gases. If even a small quantity of gas 
of strong and characteristic odor is introduced 
into the air in one corner of a room, it is soon 
detectable tliroughout the room no matter 
how undisturbed the air has remaim'd. This 
is due to the diffusion of mok'cules of the gas 
throughout the air of th(' room, the air itself 
being a solution of oxygen, nitrogen, carbon dioxide, and other gas(?s. 
Diffusion is much more rapid in gases than in licjuids. 

Diffusion of solutcis in Ikiuids is not a rapid process, and when we 
make a solution we do not ordinarily wait for diffusion to become com- 
plete but hasten it by shaking or stirring the mixture. 

^ What appears to bo a very satisfactory explanation of diffusion in li(iuid solutions 
and solutions of gases is furnished by the kinetic thc‘ory. According to this theory 
molecules of gases or dissolved particles of any subst.Tnce in liquid solutions are in constant 
and rapid motion. Any such particle moves in a straight line until it strikes another such 
particle or the wall of the container. In either case it rebounds and again move's in a 
straight line until it again collides and rebounds. This goes on indefinitely. A moment’s 
consideration v/ill make it clear that such “jostling” of particles will tend to result in a 
uniform distribution of ea(;h kind of particle throughout the volume of solution, and 
this process of forming a uniform distribution is what we call diffusion. 





Fig. 40. — Dingramrnatic- 
representation of the 
diffusion of dissolvecl 
particles from a crys- 
tal of a colored solute 
undergoing solution in 
water. 
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Passage of Solvents through Membranes. — If water is carefully 
poured upon a quantity of sugar syrup (a concentrated solution of cane 
sugar in water) the two fluids will at first form two distinct layers. 
Soon, however, the molecules of water will diffuse into the concentrated 
sugar solution and those of the sugar will diffuse into the water, so that 
filially a uniform solution results. If the syrup and water are separated 
by a membrane like an ordinary cell wall or a piece of filter paper 
through which the dissolved particles of sugar and water can pass freely, 
water will diffuse into the syrup and sugar into the water so that the 
solutions on the two sides of the membrane will eventually become 
of equal concentration. Such a membrane which permits water and all 
solutes to pass freely through it is called a permeable membrane. 

There are membranes which permit water to pass freely but prevent 
or, what is more common, restrict the passage of solutes in general or 
of some solutes at least. Such a membrane is called a semipermeable 
membrane. 

When pure water or a dilute solution of a solute is separated from a 
concentrated solution by a semipermeable membrane through which 
the solute can not pass, an interesting change results. This will be 
more easily understood if we think of the membrane as stretched 
across the I '-shaped tube shown in Fig. 41, A and B. The left arm of 




Membrane permeable to water but^*' 
not to cane su^ar. 

Fig. 41. — Diagram illustrating diffusion through a semipermeable membrauQ, For 

explanation see text. 
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the tube, in -4, has been partly filled with a solution of 5 grams of 
cane sugar in 95 grams of water (what is spoken of as a 5 per cent 
solution by weight).^ Into the right arm an equal volume of a dilute 
solution (say 1 per cent) of cane sugar has been poured. The level 
of the liquids in the two arms is the same, and the two solutions are 
separated by a membrane which is impermeable to cane sugar molecules 
but permeable to water molecules. Fig. 41, B, shows the same U-tube 
and its contents after the lapse of sufficient time to allow an equilibrium 
to be reached between the solutions on the two sides of the membrane. 
The changes which result in this equilibrium are as follows. 

AVater diffuses from the more dilute solution on the right through 
the membrane to the more concentrated solution on the left. 

The solute, cane sugar, tends to diffuse from the more concentrated 
solution on the left of the membrane to the more dilute solution on the 
right but the cane sugar will not pass because the membrane is not 
permeable to it. As a consequence of water passing through the mem- 
brane from right to Ic'ft the following changes occur: 

1. The solution in the right arm becomes more concentrated as the 
result of the loss of water. Its volume becomes less for the same reason. 

2. The solution in the left arm becomes more dilute as the result 
of the addition of water from the other arm. Its volume becomes 
greater for the same reason. 

3. The level of the solutions becomes different, as shown in /?, 
the level rising in what was originally the more (*oncentrat(d solution 
and falling in what was originally the more dilute. 

The difference in l(‘vel of the solutions in the two arms of the U-tube 
necessitat(‘s the conclusion that there is a pressure supporting the 
column which stands at the higher level. The existenta; of the pressure 
wherever two solutions of different concentrations are separated by a 
membrane not permeable to the solute is still more clearly demonstrated 
in what follows. 


^ Ordinarily when we speak of the concentration of Bolutionn we have in mind the 
percentage composition, a 1 j^er cent salt .solution liciiig one contaiiiiiig 1 gram of salt in 
{i{) of water. In this sense it is quite correct to speak of a 1 per cent solution of canc* 
sugar as having the same concentration as a 1 jier cent solution of grape sugar or glucose. 

It IS irnpoitant to keep in mind, howevci, that the term eoncentiation, when used in 
discussions of diffusion and osmosis, lefers to the relative numbeis of dissolved particles 
of solute (molecules and ions), not to the number of grams, in a given volume of solution. 
W'hen eoncentiation is used in this sense it is not correct to speak of i\ 1 per cent solution 
of cane sugar as having the same concentration as a 1 per cent solution of grape sugar. 
A grape-sugar molecule weighs only about one-half as much as a cane-sugar molecule, and 
therefore, there are almost twice as many dissolved particles of grape sugar in a cubic 
centimeter of 1 per cent solution as there are in the same volume of a 1 per cent solution 
of cane sugar. 
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The passage of the solvent (water in this case) from a quantity of pure 
solvent or a dilute solution through a semipermeable membrane into 
a more concentrated solution is one of the processes which has been 
included under the term osmosis ^ and the pressure of which we have 
just spoken is called osmotic pressure. 

The tissue forming the wall of a pig^s bladder prevents, or at least 
greatly hinders, the passage of some solutes through it. That is to say, 
it is more or less semipermeable. If such a bladder is filled with a 
concentrat(id solution, say of sugar, and the bladder tied shut and 
immersed in water or a very dilute sugar solution, it soon swells up 
and becomes stretched and inflated as the rcisult of water passing 
inward through the semipermeable wall into the concentrated solution 
within the bladder. It soon becomes clear that a high hydrostatic pres- 
sure has developed within. This pressure may become sufficient to 
burst the l)ladder or, if a long tube of narrow bore be fastencnl firmly 
into the mouth of the bladder, sugar solution may rise in the tube to a 
height of many meters (a meter is 39.37 inches). 

The experiment shown in Fig. 41 A and By and the experiment with 
the pig’s bladder, d(‘monstrate the existence of osmotic pressure. Such 
a prc'ssure results only when: 

1. "The membrane is permeable to the solvent. 

2. S(.)lut(\s are presemt which can not pass freely through the mem- 
bran(\ 

3. The nurnbfT of dissolved particles of tliese solutes in a givcm 
volume of the solution is greater on one side of the membrane than on 
the other. 

Diffusion of Solutes through Membranes. — Thus far we have spok(*n 
only of the passages of tlie solvent, generally water, through semi- 
p('rmeabl(' membranes. IMany semipermeable membranes permit the 
dissolved particles of some solutes to pass freely but an' relatively 
imperiiK'able to other solutes. In plants and animals su(‘h so-(‘allcd 
s(iective membranes are of great importance. Fig. 42 (identical 
with Fig. 41, except for the composition of the solutions) illustrates 
what takes place when two solutions are used each with two solutes, 
one of which can pass through the membrane. 

The A portion of Fig. 42 shows a U-tube with the right arm filled 
with a solution of 5 per cent of cane sugar and cent of common 

salt and the left arm filled with a solution of 10 per cent, cane sugar and 
•jfV P^'r cent solution of common salt. The volumes of the two solutions 

^ Tho word oamotia has boon given such ti variety of meanings by tho.so who have 
used it that it has lost any precise moaning whatever. As far as possible we shall avoid 
its use. 
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are the same. The membrane, M, separating the two solutions is per- 
meable to water and eoinmon salt but not to the cane sugar. The B 
portion of the figure shows the contents of the same U-tube some time 
later. The following changes have taken place: 

1. I'lie concentration of salt has become the same on the two sides 
of the membrane due to salt particles having diffused from the solution 
where there were more in a given volume (oV cent) to the solution 
where they were fewer per cent). 

2. In Fig. 42 B the concentration of sugar in the left arm has become 
less than 10 per cent cane sugar, and that in the right arm more than 



Fig. 42. — Diagram illustrating diffusion through a somiperincablc momhraiie. For 

exi)lanatiou see text. 


5 per cent cane sugar. This has resulted not from sugar molecules passing 
through the membrane but from water passing from the more dilute 
solution (and thus concentrating it) to the more coiicentratt^d (and thus 
diluting it). 

3. Diffusion of wa^er has raised the hvcl of what was the more (con- 
centrated solution above the level of the solution which was at first the 
less concentrated. 

It is the first of these changes which should be emphasized here. 
As illustrated by Fig. 42 any solute will pass through a semipcirmcablc 
membrane from one solution to another provided: 
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(a) That the membrane, though not permeable to some solutes, is 
permeable to this particular solute. 

(b) "J'hat this partic.ular solute, present in one of the solutions, is 
absent from the other solution or present in lower concentration. 

In general, the movement of a particular solute is not affected by 
the concentrations of other solutes present. 

Diffusion in Relation to Absorption by the Plant Cell. — Reference 
has already been made to certain very simple plants each of which con- 
sists of a single cell floating in water and capable of carrying on all the 
essential life functions. Such a cell may be used in pointing out the 
relation of diffusion to absorption. A cell of this sort living immersed 
in the water of a river, pond, or lake is surrounded by a very dilute solu- 
tion of various solut(\s (including carbon dioxide, oxygen, nitrogen and 
the nitrates, c‘hlorides, sulphates, and phosphates of potassium, sodium, 
cal(‘ium, magnesium, iron, and other metals). In the vacuole is the 
c‘('l] sap which is a v/alery solution with a relatively high concentration 
of solutes, consisting in part (a) of substances absorbed out of the sur- 
rounding watcT, and in part (b) of compounds (sugars, other foods, etc.) 
formed within the cell from carbon dioxide, wat(‘r, and other substances 
which hav(' enterc'd the C(‘ll from the surrounding water. 

The c(‘llulos(‘ v/all surrounding the protoplast is a permeable mem- 
brane and can not prc'vent the passage through it of any substance dis- 
solv(‘d in the c(']l sap or in the water surrounding the cell. The cyto- 
I)lasmic membraiK', howev(‘r, is differentially peruK^able. It pennits fri'e 
entrance of water and of many of the substances dissolved in it. On 
the oth(T hnnd, it restricts the passage outward of most of the sub- 
stances in solution in the cell sap. 

The protojdast may then be compared with a pig’s bladder filled 
with a concentrat('J sugar solution and immers('d in a dilute solution 
of salt,. 

The vacuole corresponds to the cavity of the bladder, the cell sap 
to the ccuicei it rated solution within the bladder, and the cytoplasm to 
th(‘ wall of the bladdcT. 

In the single-celled plant floating in the water, somewhat as in the 
case of the bladdiT, water tends to pass from the dilute solution outside 
into the concentrati'd solution (cell sap). This tends to increase the 
quantity of C(‘ll sap, enlarge the vacuole, and create a pressure within 
the cell. Th('ri' is thus created an actual hydrostatic pressure of cell 
contents against, the wall, and this is called turgor pressure. 

This pressure is often so great that it would burst the protoplast 
if it were not for the c('ll walls. They reinforce or back up ” the 
protoplast, just as the casing of an automobile tire backs up ” the inner 
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tube, which tends to enlarge and press tightly against the cell wall so 
that the whole cell is distended. The same condition of inflation 
normally exists also in all the many living cells of multicellular (rnany- 
celled) plants. 

In cells, such as those of the sugar beet, this pressure, due to the 
high concentration of sugar in the sap in the vacuoles and the entrance 
of water, may be as great as 20 kilograms per square centimeter. 

When the wall of a living cell has been stretched to a C(Ttain extent 
by the pressure of entering water, the resistance of the wall to further 
stretching just balances the force with which the water passes into the 



PiQ. 43. — Plnsmolysis of epidermal rolls of wandoriiiK Jew {Zchrina pcndula) A, 
cells in water. cells after brief immersion m 20 f)er cent solution of cane 
su^ar. Note that the spaces l>etwcen the cytofJasm and the coll wall in the 
plasmolyzod C(‘lls are fill(*d with the solution in which the cells are immorsc*d. 
In each drawing two cells are shown as seen m surface view and one in section. 


vacuole. Consequently an equilibrium exists and there is no further 
entrance of water. As we shall show later, every living cell of a multi- 
cellular plant, even though it lie surrounded by oUkt cells inst(\ad of 
being immersed in water, is normally in a condition of distension due to 
turgor pressure. A cell in this condition may be compared to an inflated 
football. The cell wall corresponds roughly to th(j leather cover of the 
football. Although the cell wall is not solution tight or the cover 
air tight,^’ the strength of these outer coverings makes it possible for 
the relatively weak cytoplasmic sac and rubber bladder to withstand 
the high pressure of the solution or air within. The stretching of the 
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cover of the football by the pressure of air within the bladder and of 
the coll wall by turgor pressure within the cytoplasmic sac results in the 
inflated ball and the turgid cell being plump and firm. 

The crispness of the leaves and the rigidity of the young parts of 
plants are due to the turgid condition of the individual cells. If a 
turgid cell is placed in a solution (a) more concentrated than its cell 
sap, and (b) the solute of which can not pass through the cytoplasm, 
water will pass from the cell sap outward through the surrounding 
cytoplasm into the solution outside. As a result the vacuole will become 
smaller, the cytoplasm will shrink away from the cell wall, and the 
cell will no longer be plump and distended. The separation of the 
cytoplasm from the cell wall is called plasmolysis. When a lettuce leaf, 
crisp because^ of the high turgor pressure in its cells, is placed in a solu- 
tion more concentrated tlian the cell sap, it wilts as the result of the 
rcHluction or complete loss of turgor pressure in its cells. The cell’s 
powcT to grow in size is largely dependent upon the maintenance of 
considerable turgor in the cell. 

Absorption of Dissolved Substances into Living Cells. — We have 
explained how water enters the living plant cell and how, as a result, 
1h(' normal turgid condition of the cell is maintained. But in addition 
to water the plant must absorb considerable quantities of dissolved sub- 
stance's, such as nitrates, sulphates, and phosphates of potassium, cal- 
cium, and magnesium, the gases, carbon dioxide and oxygen, and various 
other solutes. Although diffusion may explain water absorption, the 
eulraiKH' of these solutes into living plant cells is a different matter for, 
whc'H'as the water ente'rs along a concentration gradient, solutes in 
many cases must be taken in against such a gradient. 

It has l)('('n shown that not only simph', single-celled organisms 
imm('rs('d in a solution, but also the root, cells of higher plants, absorl) 
nutrients actively and build up within their vacuoles concentrations 
many times that of the external solution. This cannot be explained 
l)y the simple diffusion theory, and most botanists now accept the theory 
of active solute absorption. This theory asserts that living cells absorb 
and accumulate certain solutes by forcing the dissolved particles to 
move from a solution where they are h'ss abundant, across the proto- 
plasmic layer into the cell sap, w^here they reach relatively high concen- 
trations. Thin is accomplished by an expenditure of energy and con- 
stitutes a considerabki portion of the labor which plant cells are required 
to perform. lilxperiments have shown that high absorption rates are 
usually attended by high respiration rates, and it seems logical to 
assume that this r(‘si)iration provides the energy required for absorption 
and accumulation. 
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Among the factors involved in the active absorption of solutes the 
following are of primary importance: concentration of solutes in the 
cells and in the culture medium, age and activity of the cells, the oxygen 
supply to the cells, the supply of organic foods, and temperature of the 
culture medium. Other factors affecting absorption under certain con- 
ditions of culture are: the form of ion in which the nutrient element is 
combined, the reaction of the culture medium, and the presence of 
traces of “ micro-elements ” including boron, manganese, zinc, and 
copper. 

We may summarize the principal facts pertaining to absorption 
by the plant cell as follows: 

1. All substances which enter a free floating cell or the absorbing 
cells of multicellular plants must be in solution in water. This applies 
to gases as well as other solutes. Solids or colloidal mixtures in water 
can not pass. 

2. All substances entering must pass through the cell wall and the 
cytoplasm before entering the vacuoles. The cell wall is normally 
saturated with water and permits, in most cas('s, everything in true 
solution to pass. The cytoplasmic membranes are s(anipermeal)le 
(or differentially permeal)le), permitting some solutc^s to pass through 
them but not others. 

3. Under natural conditions plant cells absorb solutes from their 
external medium. Usually they maintain within their vacuoles higher 
concentrations of solutes than occur in their external medium; that is, 
the total number of molecules and ions of solutes of all kinds m a giv(?n 
volume is greater in the cell sap than in the solution outside. 

4. Since water enters the plant cell by passive diffusion, the impor- 
tant function ))y which the plant is largely able to regulate its water 
content is active absorption of solutes. Such absorption ccnstitut('s 
work and requires encTgy which is supplied by the respiration of foods. 

5. It is apparent that an absorbing cell may at one time be (a) absorb- 
ing solutes, different ones at different rates; (b) absorbing water; 
(c) excluding certain solutes; and (d) giving out some solutes, for 
example, carbon dioxide. 

Photosynthesis. — The green unicellular floating plants to which we 
have frequently referred in this discussion have chloroplasts and when 
illuminated can carry on photosynthesis, the union of water and carbon 
dioxide to form the sugar, glucos(i, and starch. This same process goes 
on in the green cells of multicellular plants. 

The changes which appear to take place in photosynthesis may be 
briefly/' stated as follows: 
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6 molecules 
of carbon 
dioxide 


+ 


6 molecules of water 1 
in an illuminated > form 
green cell J 


1 molecule 1 f 6 molecules of oxy- 

of I I consisting 

glucose J I of two atoms 


This process may be expressed in the following chemical equation: 


6CO2 + 6H2O = C6H12OG + 6O2 


Although six molecules each of carbon dioxide and water are neces- 
sary to furnish enough hydrogen and carbon atoms for one molecule 
of glucose, the number of oxygen molecules is more than enough for the 
formation of glucose. This excess of oxygen is liberated from the plant 
during photosynthesis and accordingly diffuses outward into the water 
surrounding the cell. 

Photosynthesis is a process which will not go on unless energy is con- 
stantly^ supplied. Th(ire are other processes of which we shall learn, 
which, on the contrary, do not need to be supplied with energy but 
which liberate energy while they are in progress. Light is the source of 
eiKTgy for photosynthesis. This energy is not lost but is stored in the 
molecule of glucose as chemical potential energy, and can, as we shall sec, 
be r(‘covered and used. It is liberated when the glucose, or related sub- 
stanctvs which the ])lant may produce from glucose, is broken down 
again, in a process can(‘d respiration, into carbon dioxide and water. 

In the gHHUi imicc’llular plant the sugar (glucose) produced by 
photosynthesis may l)(‘ partly utilized by being converted into another 
sugar (sucrose or cane sugar, CiL»H22t)ii) or into the closely related 
carbohydrate, cellulose', and used to thicken the cell wall. Part of the 
sugar may b(‘ transfornu'd into still another carbohydrate, starch, and 
held as reserve food in the cell. Fatty substances needed by the proto- 
plast may b(' producc'd from the sugar. Proteins may also be formed 
in such a cell by union of part of the sugar with the nitrogen, sulphur, 
and phosphorus, derived from inorganic salts absorbed from the water 
of the river or lake in which the cell lives. In the formation of fats and 
protcans there is a rearrangement of the molecules of the sugar but 
there is little, if any, loss of chemical energy. Sugar dissolved in the 
c(^ll sap of such a cell may be in large part responsible for the high con- 
centration of the sap and therefore for the absorption and retemtion 
of water and the maintenance of the turgor of the cell. 

During photosynthesis the carbon dioxide used is withdrawn from 
solution in the water of the vacuole and from the water of the cytoplasm. 
Thus the concentration of dissolved carbon dioxide in the cell sap 
becomes less than that in the water outside the cell. As a result, diffu- 
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sion of that gas into the cell goes on as long as active photosynthesis 
continues. 

The liberation of oxygen within the cell by photosynthesis results 
in that gas becoming more concentrated there than in the water outside. 
As a result there is outward diffusion of oxygen as long as it is being 
liberated in the cell. 

The process of photosynthesis will be discussed more fully in the 
chapter on the leaf. 

Respiration. — Another essential process which takes place in the 
simple unicellular plant whose functions we are discussing is respiration. 
This process does in fact go on continuously in the protoplasts of all 
living plant or animal cells. The only process for which energy from 
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Fig. 44. — Left, diagram of a unicellular, aquatic plant showing the absorption of 
materials and energy essential to photosynthesis, and the liberation of oxygiai 
which tokes place during the process. No attempt has bcaai made to represent 
the carbohydrate (starch or sugar produeiai wathin the cell by jihotosyn thesis). 
Kight, diagram of a unicellular, aquatic plant showing the gas intiTchaiige during 
respiration. In addition to carbon dioxide gas, water is also a jiroduct of 
respiration. 

outside the organism can be directly employed is photosynthesis. 
The energy for all other activities is secured liy the oxidation of the 
products of photosynthesis. Thus, whereas photosynthesis is an 
energy-aljsorliing process, respiration is an (aiergy-releasing proct'ss 
and can go on without any supply of energy from outside^ the plant. 
In the liuilding up of glucose from carbon dioxide and water, the energy 
alisorbed is stored in the glucose molecule. During respiration the 
molecules of glucose and related substances are broken down into 
carbon dioxide and water, and stored chemical energy is liberated in 
forms which can be utilized by the protoplast. Thus it is that all the 
energy used by plants or animals to carry on their activities is derived, 
directly or indirectly, from the light of the sun. This energy is stored 
in the food manufactured by photosynth(^sis, and liberated by respira- 
tion. If we consider glucose to be the substance produced by photo- 
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synthesis and oxidized by respiration the equation for respiration is 
just the reverse of the equation for photosynthesis 


CgHi20o + 6O2 = 6CO2 + 6H2O 

Glucose Oxygen Carbon Water 
dioxide 

In many respects respiration and burning are essentially alike. 
Glucose will burn freely if supplied with sufficient oxygen. The burning 
of glucose and its respiration in the cells of a living plant or animal 
have the following similarities: oxygen is necessary for both processes; 
the substances produced in the two processes arc the same, carbon diox- 
ide and water; and in both cases energy is liberated. Both in burning 
and in respiration the stored chemical energy of the glucose molecule 
is released. Respiration is clearly different from burning in that it does 
not take place outside of living protoplasts and goes on at temperatures 
much below thos(' necessary for burning. 

In man and other warm-blooded animals much of the energy liber- 
ated by respiration appears in the form of heat, which is necessary to 
maintain the normal temperature of the body. A small part of the 
energy released by this process in plants is also in the form of heat, but 
it p asses off so rapidly to the surrounding atmosphere, soil, or watei 
that plants are seldom appreciably warmer than th(‘ir snirroundings. 
In the case of the firefly, the glow worm, luminescent bacteria, and c(t- 
tain phosphorescent animals living in the sea, part of the energy of 
r(\spiration is in the form of light. In all organisms, however, mii(‘h 
of th(^ eiKM'gy liberat.(‘d by respiration never aj^pc'ars as light or heat 
but is used (lir(H*tly by the protoplast for the transformation of materials 
and for otluT j)rocesses which are essential to the life of the c(dl. In 
the cas(' of motile organisms (animals or plants which are able to move 
from pla(‘(' to place) much of the energy derived from respiration is used 
up in locomotion. 

In a cell like that of the unicellular floating plant to wdiich we have 
frequently referred, the constructive process, photosynthesis, and the 
destru(‘tiv(' process, respiration, will go on simultaneously whenever 
conditions are favorable for the former. Photosynthesis, in the green 
unicellular plant, while it is taking place, must be more active than 
r(\spiration, for th(^ only materials available for respiration in such a 
c‘ell are those whicli have been manufactured in the s;imc cell. If 
respiration proceeds at as high a rate as the constructive process, 
death will soon ensue from exhaustion of respirable materials, since 
res[)iration goes on continuously and photosynth(\sis only while the cell 
is illuminated. For a time each day, wdien photosynthesis is slowed 
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down by weak illumination, the two processes, photosynthesis and 
respiration, may go on at the same rate. During that time there will 
be no absorption of gas by the cell nor release of gas from it. The 
oxygen liberated by photosynthesis will be just enough to supply that 
needed for respiration, and the carbon dioxide produced by the respira- 
tion will be sufficient to furnish that needed for photosynthesis. 

At night, or at other times when photosynthesis is not in progress, 
the cell will take in oxygen and give out carbon dioxide. However, 
when photosynthesis is active the carbon dioxide supplied by respiration 
will be insufficient for photosynthesis and the oxygen liberated in photo- 
synthesis will be in excess of that needed for respiration. Accordingly, 
the cell will absorb carbon dioxide and give out oxygen. 

The principal facets relative to respiration and photosynthesis arc 
summarized and contrasted below. 


PHOTOSYNTHESIS 

1. Raw materials are carbon dioxide 
and water. 

2. It goes on only in c(‘lls provided 
with chlorophyll. 

3. It takes place only when the cells 
are illuminated, thereforci, in nature only 
during the day. 

4. It is an energy-absorbing process 
and continues only so long as light energy 
is supplied to the cell. 

5. The energy absorbed is stored in 
the sugar molecule. 

G. The products are glucose, or other 
sugars, and oxygen. 

7. The gas absorbed during yihoto- 
synthesis is carbon dioxide, and that lib- 
erated is oxygen. 


RESPIRATION 

1. Raw materials are gliK^ise or other 
foods, and oxygen. 

2. It takes pla(5e in all living plant or 
animal cells. 

3. It go(5S on at all times, by night 
as well as b}^ day. 

•1. It is an energy-releasing process 
and is independent of energy sourcirs 
outside the yilant. 

5. The ston'd oiK'rgy of the sugar 
molecule is liberated in forms useful to 
the organism, in the plant chiefly as 
chemical energy. 

6. When the process goes on to com- 
jiletion its products are carbon dioxide 
and water. 

7. During resyiiration oxygen is ab- 
sorbed and carbon dioxide is liberated. 


Digestion. — In tliis unicellular green plant as in most green cells, 
after photosynthesis has gone on for some time part of the sugar pro- 
duced is changed into the insoluble and somewhat more complex cai bo- 
hydrate, starch, which is formed within the chloroplasts. Part or all 
of this stored carbohydrate may be changed back into sugar during the 
night or at other times when photosynthesis is less active. The change 
of starch or other insoluble or colloidal foods, such as fat or certain 
proteins, into soluble organic compounds is spoken of as digestion. 
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Assimilation. — The conversion of carbohydrates, fats, and proteins, 
and simpler nitrogenous foods, into the living material (protoplasm) 
of the cell is called assimilation. It is a process about which we can 
know very little until we understand much better than at present the 
nature of the protoplasm itself. This term, assimilation, as used in the 
sense of transformation of food into protoplasm, must not be confused 
with the expression, “ assimilation of carbon.” The latter phase is 
used by some botanists to include the absorption of the raw materials 
for photosynthesis, the formation of sugar, the transfer of sugar from 
one part of the plant to another, and finally conversion into part of the 
protoplasm. 

It should be explained here that we shall use the term food only 
for those complex carbon compounds (organic substances) which 
(a) arc capable of yielding energy when respired and (b) may be utilized, 
without any considerable change, as building materials for the pro- 
toplasm. 

For simple substances like water, carbon dioxide, and inorganic 
salts which the plant can utilize for the manufacture of foods but which 
can not be respired, we shall use the expression, raw materials for food 
manufacture. 

Cell Division. — In dividing cells two types of nuclear division occur: 
mitosis and meiosis. Nuclear division in meristematic cells is by a 
process callcid mitosis which is described below. Meiosis is a somewhat 
different kind of nuclear division (really a modified form of mitosis) 
which occurs in the life cycle of every plant having sexual reproduction. 
In seed-bearing plants it is during reproduction by flowers that meiosis, 
which is a process of very great significance, takes place. Very rarely, 
and never in meristematic tissue, nuclei may divide by a third method 
which is very simple, called direct nuclear division. 

Mitosis. — This process of nuclear division is of such importance 
that a brief description is necessary. The resting nucleus (one not in a 
state of division) has been described already. In such a nucleus there 
is a nuclear membrane, one nucleolus (or sometimes several nucleoli), 
and a quantity of (jhromatin in the form of a network. 

At the beginning of mitosis the chromatin of each of several portions 
of th(i chromatin network comes together and forms threads which lie 
parallel to each othcT. Then each of these double threads shortens 
and bnxidens somewhat and the double nature of the resulting rods or 
ribbons b(H'omes less apparent. These rods or ribbons are called 
chromosomes. 

In all the cells of a given species of plant or animal, except certain 
reproductive cells, the number of chromosomes which appear at the 
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time of each nuclear division is the same, but the chromosome number 
differs greatly in different species. In the reproductive cells just 
referred to the number of chromosomes is one-half that in the dividing 
nuclei of ordinary cells. 

While these changes have been going on in the nucleus, there have 
been formed in the cytoplasm, immediately surrounding the nucleus, 
two groups of delicate fibers which radiate toward the nucleus from two 
centers on opposite sides of the nucleus. 

The nucleoli and the nuclear membrane now gradually disappear 
and the fibers extend to the middle of the nucleus where some of them 
appear to become attached to the chromosomes and others join with 
fibers coming from the opposite side. The two cones of fibers meeting 
near the middle (equator) of the dividing cell form what is spoken of 
as the nuclear spindle. 

Now the chromosomes, each consisting of two parallel strands in 
close contact with each other, become arranged in a plane half way 
between the two extremities (poles) of the spindle. Spindle fibers 
attached to the two strands of each chromosome appear to contract, 
drawing the two daughter chromosomes to opposite poles of the spindle. 
Thus there are formed two groups, each containing the same number of 
daughter chromosomes. 

Soon the chromatin of each group of chromosomes begins to take 
on again the form of a nuclear net, one or more nucleoli make their 
appearance, and a nuclear membrane is formed around each of the new 
nuclei. Thus the process of mitosis is completed and the nuclei pass 
again into the resting condition. 

Division of the cytoplasm begins in most cases before the daughter 
nuclei have fully regained the resting condition. About the time the 
daughter chromosomes reach the poles, the spindle l>egins to widen 
somewhat and new short fibers appear at th(‘ equator hetwe^en tlu‘ spindle 
and the cell wall. Now each fiber appears to thicken at a place half way 
between the two ends. These thickenings seem to increase in size and 
finally fuse, thus forming a continuous plate which extends across the 
mother cell from w^all to wall. Within this plate a new cell wall is 
formed. After the formation of the new wall the filxirs soon disapp(iar 
caitirely. Thus by mitosis, followed by division of the cytoplasm, two 
n(;w cells an; formed, and these two gtmerally grow to the size of the 
original cell before a second cell division takes place. 

Meiosis. — As the result of the splitting of each chromosome during 
mitosis the number of chromosomes in the daughter nuclei is the same 
as the number in the original nucleus. In meiosis the chromosomes 
arc not split but are separated into two groups, each with half the 
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original number of chromosomes, which form the new nuclei, and 
accordingly meiosis is often spoken of as reduction division of the 
nucleus. We shall describe the process in detail in connection with 
reproduction in flowers. 

Growth. — In addition to being able to absorb raw materials and 
light energy, to construct foods, to convert these foods into protoplasm, 
and to secure the necessary energy by respiration for all other processes 
except photos3mthesis, the unicellular plant is able to grow. Growth 
of the cell results in part from the increase in the quantity of protoplasm, 
and in part from the absorption of water into the vacuole or vacuoles, 
increase in their volume and a stretching of the cell wall due to the 
resulting turgor. During growth sugar is converted into cellulose by 
the protoplasm lining the cell wall. Thus the thickness of the cell wall 
may be increased. 

TISSUES 

In all multicellular plants, except the very simplest ones, the plant 
body is made up of a number of different kinds of cells adapted to 
serve different functions in the life of the plant. These different kinds 
of cells may differ in their form, in the thickness of their walls, in the 
length of life of the protoplasts, or in other particulars. A group of 
cells, which together perform a particular function, is called a tissue. 
We shall give here the characteristics by which cells belonging to the 
principal tissues may be recognized. In the chapters on the stem, root, 
leaf, and other organs, these tissues will come up again for discussion, 
particularly as to their functions and their distribution in the plant. 
All the tissues of the plant may be classified into meristematic tissues 
and permanent tissues. 


Meristematic Tissues 

At the tips of all the roots and stems there are groups of cells which 
by repeated division give rise to new cells. These new cells and their 
subsequent enlargement are responsible for the growth in length of the 
stem and root, and the production of branches, stems, and of new 
leaves within the bud. The groups of actively dividing cells at the tips 
of the root and stem are spoken of as the growing points of stems and 
roots. 

Just outside the cylinder of wood which forms the greater part of 
the stem of most shrubs and trees is a layer of cells which by their 
division add new cells continuously to the wood and to the inner bark. 
Some herbs also have such a layer of cells which causes increase in 
thickness of the stem. This layer is called the cambium. Another 
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Fig. 46. — Photomicrograph of a lengthwise section of onion root tip, just back of the 
root cap, showing typical meristematic tissue. Observe that certain cells are in 
a process of mitosis. 
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somewhat similar layer, called the cork cambium, produces the outer 
bark of woody plants. These cambiums and the cells of the growing 
points are the principal meristematic tissues. The meristematic tissues 
are those which produce new cells and thus make possible the growth 
of the roots and stems in length and in circumference. They are 
generally compact tissues, being without the intercellular spaces (spaces 
between cells) which are present in most other tissues. In meristematic 
cells the nucleus makes up a relatively large part of the volume of the 
protoplast, the vacuoles are very small, and the cell walls are very thin. 

Whereas the usual course of differentiation is progressive, that is 
from meristem to adult tissues, it is not at all uncommon in plants for 
differentiation to be regressive. By this we mean that tissues which 
have attained the characteristics of maturity may become meristematic. 
For example, in woody plants certain adult cortical cells may become 
meristematic and undergo repeated divisions, producing daughter 
cells, some of which become a secondary tissue known as cork, and 
others become a secondary tissue known as phelloderm. 


Permanent Tissues 

Some or all of the new cells produced by meristematic tissues soon 
become transformed into permanent tissues, of different kinds, which 
make up the greater part of the plant. The permanent tissues are 
made up of cells which no longer divide and which are more or less 
modified by change of form, thickness of walls, composition of cell-wall 
material, etc., and which are adapted to their special functions. 

Epidermis. — This is the surface layer of leav(\s and of all parts of 
the stems and roots which are not covered with bark. With rare 
exceptions the epidermis is only one cell thick. The protoplasm forms 
a thin layer lining the cell cavities. In the young parts of roots the 
epidermal cells serve the function of absorption of water and mineral 
substances from the soil. They are thin-walled and have tubular 
extensions (root hairs) closed at the ends which grow out into the soil. 
A further account of their structure will be found in the discussion of 
the anatomy of the root. The epidermis of the parts of the plant which 
are above ground serves to protect the underlying tissues from drying 
out and to a certain extent from mechanical injury, the outer walls 
of these epidermal cells being convex, considerably thickeiKid, and 
waterproofed. The surface layer of the outer epidermal wall of the 
aerial parts of most plante consists of a waxy substance called cutin. 
This superficial layer of cutin is called the cuticle and covers the entire 
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epidermis of the parts above the ground except where the epidermis 
has be(‘n replaced by cork. By means of certain stains and chemical 
tests the cutin can be readily distinguished from the cellulose of the 
rest of the wall. It is highly impermeable to water and to gases. In most 
plants chloroplasts are absent from the epidermal cells except in the 
case of the special cells (guard cells) which control the small openings 
(stomata) by which gases enter and pass outward from the leaves and 
young stems. 

Simple Permanent Tissues. — It is (*onv(*nient to discuss first the 
simple tissu(\s, ea(;h of which consists of many cells, all of one kind. 
The principal simple tissues are 
parench3mia, collenchyma, scler- 
enchyma, and cork. 

Parcmhyma . — This tissue is 
widely distribut('d throughout the 
plant and makes up a large part 
of fruits, flowers, and leaves, and 
of young roots and steiiLs which 
are not yet woody. Parcncdiyma 
generally consists of round(‘d cells 
with thin ccdliilose walls and a 
single large vacuole in each cell. 

Many intercellular spaces filled 
with air are found between tlio 
cells. The i)rotoplasts remain 
alive for a long time, and in tliis 
resjxH-t parenchyma differs great- 

ly from certain cells of the outer 47.- Typical parenchyma tissue. The 

bark and of wood in which the cell couteuts me not shown. 

protoplasts die almost as soon as 

the c(dls are fully formed. Parenchyma cells are sometimes found 
mingled with various other kinds of cells in such mixed tissues as the 
xylem or wood, which we shall discuss later. Chloroplasts an? present 
in the? green parenchyma of leaves and young stems, and sometimes 
in the parenchyma of young fruits. 

Collenchyma . — The cells of this tissue are elongated and thickened 
at the corners. The? protoplasts are long-lived, and chloroplasts are 
frequently present. Collenchyma (Fig. 48) is the first of the mechanical 
(strengthening) tissues to be developed and is found, therefore, even in 
the young parts of the stem. Its cells are capable of considerable 
elongation after they are formed. The walls arc composed of alternating 
layers of pectin and cellulose. 
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Sclerenchyma . — This includes the two most important strengthening 
(mechanical) tissues of plants, fibers and stone cells. Fibers are elon- 
gated cells, thickened all around and generally pointed at the ends. 
In extreme cases they may be as much as a meter in length but ordinarily 
they are not nearly so long as that. In some instances the thickness 
of the wall is so great that the cavity (lumen) of the cell almost disap- 
pears. Soon after the fibers have attained their full size and thickness 



Fia. 48. — Collcnchyma tissue. At left, cross section; at right, longitudinal section; 
The cell contents are not shown. 


of wall their protoplasts die. However, before the protoplast dies, the 
walls frequently undergo lignification (impregnation of the wall with a 
substance called lignin). This change in the walls results in an increase 
in strength and hardness. Fibers are often very elastic and can be 
stretched to a remarkable degree without losing their power of returning 
to their original length. Linen and many other textile and cordage 
materials consist almost entirely of plant fibers. 
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Stone cells are cells which, like the fibers, have their walls lignified 
and greatly thickened, but which are not much elongated. From the 
small cell cavities of stone cells, and from the cell cavities of fibers also, 
minute canals extend outward through the thickened wall (Fig. 51), 
being separated only by the thin middle lamella from the ends of similar 
canals in the walls of adjoining cells. Through the middle lamella 
separating the ends of those canals extend plasmodesrnata. Along these 
plasmodesmata, exchange of materials from one cell to another can go 
on until the thickening of the wall is completed and the protoplasts die. 
The gritty texture characteristic of the flesh of many varieties of pears 
and the hardness of the bark of many trees are due to groups of stone 



Ftg. 49. — Photomjcrograph showing in cross section a strand of collenchyma tissue 
from tne petiole of celery leaf. (From Esau.) 

cells. The shells of walnuts, coconuts, and many other nuts consist 
almost entirely of stone cells. 

Cork . — The older parts of the stems and of the roots are covered with 
many layers of a tissue called cork (Fig. 52), which forms the outer bark. 
It is from this outer bark of the cork oak (Quercus suber) that the 
cork of commerce is secured. The cork cells are generally flattened and 
usually have n^latively thin walls and no intercellular spaces. Between 
the middle lamella and the iniK*r (*ellulose lay(T of each of these cell 
walls is a lay(*r of a fatty substance, called suberin, which renders the 
c-ells almost impermeable to water or gases and makes this tissue an 
excellent protection for the stem against excessive loss of water and 
against mechanical injury. The protoplasts of cork cells die very soon 
after the cells are formed. 
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Complex Permanent Tissues. — In addition to simple tissues, each 
made up of but one kind of cell, there are also found in the plant complex 
tissues each consisting of a number of different kinds of cells. The 
principal complex tissues are xylem and phloem, which serve principally 
the function of conduction of materials lengthwise in the plant, the 



Fio 50. — Fibers. A, from perieyclc (i4n’.s- 
tolochia); B, from xylem (Liquidambcr)^ 
as seen in cross and longitudinal sections. 
L, lumen; ML, middle lamella; P, simple 
pit; PSc, pit, in cross section; PSu, pit, 
surface view; T.W., transverse wall. 



Fig. 51 — Stone cells from the shell 
of English walnut {J aglans regia). 



Fig. 52. — Cork cells from the stern 
of Dutchman’s jiipe {Ansloiockia). 


xylem conducting principally water and inorganic (mineral) substances 
which are absorbed from the soil, and the phloem transferring food from 
one part of th(' plant to another. 

Xylem . — This complex tissue may include parench3mia cells (xylem 
parenchyma), fibers, tracheids, and vessels. Fibers and parenchyma 
cells have already been described. 
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Tracheids are single dead cells, always elongated, and generally 
pointed at the ends (Fig. 53). The walls arc thin in certain places and 
thick in others. Sometimes the thickening is restricted to rings or 
spiral bands running around the cells; in other cases all the wall is 
thickened except for numerous small, round, or oval areas or pits. 
The walls of tracheids are always lignified. 

A vessel is not a single cell but a tube made up of a series of dead 



Fig. 54. — Vessels. A, iinnu\iir (Nicotiana glauca): 
Fig 53. — Tracheids. Jjiqmd- B, spiral {Aesculus)] (\ sralanfonn {CucAir- 

iwiher; B, Finus; C\ Davallia bita); Z>, pitted {Aristolochia) . C aud D ia 

(a fern). longitudinal section. 

cylindrical cells, most of which have the end walls dissolved away (Figs. 
54 and 68). These tubes, like the tracheids, have part of the area of 
their walls thickened. Those which arc formed in a part of the stem 
which has not yet finished growth in kmgth have thickened rings or 
spirals. Those which are formed later have the wall much more com- 
pletely thickened and the thin areas in the form of pits of various shapes. 
The walls of vessels, like those of tracheids, are generally lignified. 
Vessels are often several centimeters in length (distance between two 
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THE STEM 

A typical spermatophyte (seed plant), such as one of the common 
trees or herbs, is made up of two parts— the root system which grows 
in the soil and the shoot system which grows in the air and consists of 
stems and leaves. Although both stem and root arc branched, it is 
in most cases easy to distinguish the primary root and the principal 
stem which together fonn the m.ain axis of the plant. In this chapter 
and the two following ones we shall discuss the morphology and physiol- 
ogy of the three vegetative organs, stem, root, and leaf. In later 
chapters, the organs (namely, flowers, fruits, and seeds) and the processes 
which arc concerned with reproduction will be described. 

It is the stem which supports the leaves and makes possible such a 
distribution of them in space that they may freely absorb the (;.s,sential 
gases from the atmosphere and receive a large quantity of radiant 
energy from the sun. The stem also conducts water and soil solutes 
from the root to the leaves and transports food to different parts of 
the plant. In addition to these functions, the sbrni, by the activity 
of the growing points at the tips of the branches, produces more leaves 
and provides for the growth of the whole shoot. 'Phese functions which 
have been mentioned may be considered to be t he primary functions 
of the stem. Food storage and manufacture of carbohydrates by the 
green young parte of stems are secondary functions carried on to 
certain extent by many stems. 

^ Origin of the Stem.— In every seed there is a rudimentary plant 
called the embryo ; in fact, a seed consists merely of such a plant together 
with a store of food and protective seed coats. The embryo plant 
has at one end a rudimentary root from which the whole root system 
of the adult plant may develop, and at the other end a rudimentary 
shoot (the plumule) from which the whole shoot of the plant develops 
The embryo thus consists of one main axis with two major divisions, 
the rudimentary root and shoot. The essential part of the plumule 
is a mass of meristernatic tissue which by the division of its cells makes 
possible the growth of the main stem of the seedling. Thus the main 
stem develops from a bud (the plumule or terminal bud) of the 
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embryo. Similarly branch stems develop from buds, the lateral buds 
of the main stem. 

The Growth of Stems from Buds. — The growth in length of a stem 
is the result of the division of the meristematic cells in the growing point 
of a bud, and the subsequent elongation of the cells thus produced. 
Nevertheless it is not at the growing point but some distance behind it 
that most act ive elongation of the stem takes place. Passing downward 



Fig. 57. — Photomicrograph of a leaf bud of Dutchman’s Pipe (Aristolochia) in 
lonj^iiudinal stu^tioii siiowmg the growing point, the leaf priinordia (numbered 
in the reverse ord(*r of their formation), and rudimentary lateral buds in the 
axils of the older leaf jirimordia. 


from the very end of the stem, four growth regions or zones may be 
recognized: (1) a region of meristematic activity with slight growth in 
length, (2) a region of active elongation, (3) a region of differentiation of 
tissues in which there is little elongation, and (4) a mature region, in 
which there is no elongation. This latter region makes up the rest of 
the stem. The first region includes a part of the stem which is within 
the bud. This bud generally includes several rudimentary nodes and 
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internodes. The region of active elongation extends from the base of 
the bud downward through several nodes and internodes. The rapid 
growth in length in this region results from the relatively short and 
slightly vacuolated cells of the first region becoming vacuolated, taking 
up large quantities of water, and stretching lengthwise as a result of 
the high turgor. As the lowermost internode and node, with its rudi- 
mentary leaf or leaves, grow out from the bud and pass into the zone 
of active elongation, it is principally the internode rather than the 
node which grows in length. In fact, most of the increase in length 



Fig. 58. — Photomicrograph of median longitudinal section of the terminal bud of 
Rhododendron Loderi, showing the structure of the growing point, the formation 
of leaves and the origin of the primary meristema. (After Foster.) 


of the stem is due to the elongation of internodes. The region of dif- 
ferentiation overlaps considerably the region of active elongation, 
for collenchyma and some xylein and phlocun elements will be found 
in portions of the stem which are still increasing in length. It is generally 
during and after the rapid elongation of an internode that the rudimen- 
tary leaf or leaves of the node immediately below grow into mature 
leaves. 

In most herbaceous plants and in many tropical and subtropical 
woody plants, growth in stem length continues throughout the whole 
season of vegetative activity. Thus, during many months successive 
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internodes may elongate, each adding its contribution to the total 
length of the stem. 

In many woody plants of the temperate and colder regions the 
elongation in length of the stem is mostly crowded into a few weeks of 
early spring. This is preceded by swelling of the buds and shedding 
or separation of the bud scales. Then with a rush of growth the inter- 
nodes within the buds elongate and the rudimentary leaves unfold and 
quickly grow to their full size. 



Fig. 59. — Three ash {Fraxiriufi) twi^j^s showing; the opening; of the terminal hud. 
lh(i hud to the left is swelling but the bud scales have not yet separated. The 
bud scales of the second t)ud have separated but as yet the internodes and rudi- 
mentary leavers within t,he bud have grow'ii very little. The picture to the right 
shows the bud fully opened an<l leaves and internodes well advanced in develop- 
ment. 


TYPES OF STEMS 

There are, in the stems of different kinds of seed-bearing plants, 
considerable differences in the kinds of tissues present and particularly 
in the arrangement of these tissues. As to structure and development 
we ordinarily recognize three principal types of stems: (1) stems of 
woody plants (dicotyledonous trees and shrubs, and g 3 rmnosperms), 
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(2) stems of herbaceous dicotyledonous plants, and (3) stems of mono- 
cotyledonous plants. Although there is no sharp distinction between 
herbaceous and woody stems and although the stem of monocotyledon- 
ous plants may in some cases be woody, there are certain rather definite 
structural characteristics associated with each of these three types 
of stems but there is also much variety of structure within each of the 
types. 

It will be necessary to distinguish here between the princii)al groups of the 
Spermatophyta in order that it may be clear of what kinds of plants the different 



Fia. 60. — Five twigs of buckeye (Aesculm) showing successive stages in the opening 
of the terminal bud and in the growth of the internodes and leaves which, in a 
rudimentary condition, were contained within the bud. All the parts above the 
dotted line belonged to the terminal bud or were developed within a period of 
three weeks from a terminal bud like the one shown at the extreme left. The 
scale at the bottom of the figure is a decimeter scale. 


stem types are characteristic. The Spermatophyta are divided into two classes, 
the Gymnospermae and the Angiospermae. The former, as their name, Gymno- 
spermae (naked-seeded plants), indicates, bear their seeds not within a closed struc- 
ture or fruit as the other seed-bearing plants do, but exposed, generally on the 
surface of a cone-scale. Almost all of the common Gymnospermae have narrow, 
needle-like or scale-like evergreen leaves, and bear cones. Some of the commonest 
plants belonging to this class are: the pines (Piwus), spruces (Picea), firs (Abies), 
hemlock (Tsuga), redwood and big tree (Sequoia), and the so-called Douglas fir (Pseu- 
dotsuga). Most of the common Gymnospermae are trees with excurrent branching 
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and “soft” wood. The Angiospermae include all the other Spermatophyta. Gen- 
erally they have broad leaves, and their seeds are produced in closed structures, 
spoken of botanically as fruits. A pea pod, an acorn, and an apple are examples 
of such seed-enclosing structures. 

The Angiospermae consist of two subclasses, the dicotyledons and the mono- 
cotyledons. The first of these includes many more species than the second. The 
grasses (which include the cereals), the lilies, the palms, and the orchids are among 
the principal families of the monocotyledons. Most other common angiosp>erms 
are dicotyledons. 

Among the most common of the more than 250 families of dicotyledons are the 
buttercup family, the mustard family, the rose family, the bean family, and the 
sunflower family. A large number of those dicotyledons which live for several years 
are deciduous, losing their leaves once each year and later producing new leaves. 
In this respect they arc in striking contrast with most gymnosperms, which are 
evergreen. There are, however, a few deciduous gymnosperms and many ever- 
green dicotyledons. The dicotyledons include most agricultural plants of orchard, 



Fig. 61. — Stems showing three kinds of sections: (7, cross or transverse. 1\ tangen- 
tial. Rj radial. 

fii'ld and garden, except the cereals, asparagus, and onions, which are monocoty- 
l(*dons. The oak, beech, maple, ash, and other “hardwood” forest, trees are also 
dicotyledons. 

Ill discussing stem structure we shall have to use frequently the 
terms transverse, radial, and tangential as applied to sections of stems 
or other organs of the plant., and it is important that the meaning of 
these terms be explained before we proceed further. If we think of a 
piece of a stem as a cylinder, and if we imagine a line, which we shall 
call the long axis, extending lengthwise through the middle of this 
cylinder, we may define as follows the three kinds of sections: 

A transverse, or cross, section is any section cut at right angles to the 
long axis. A tangential section is one cut parallel to the long axis of the 
stem (or other cylindrical organ) and at right angles to radii which pass 
through the middle line of the section. A radial section is one cut 
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parallel to the long axis and parallel to all the radii passing through 
the section. Both tangential and radial sections are spoken of as longi- 
tudinal sections. Clearly all radial sections are at right angles to the 
tangential sections and if they arc cut clear tlirough the stem from 
side to side will pass through the center. Cell walls arc also spoken 
of as transverse, tangential, or radial if they are parallel respectively to 
transverse, tangential, or radial sections. 

STEMS OF WOODY PLANTS 

Dicotyledons and Gymnostehms 

Although herbaceous stems are in general somewhat sim])ler in 
structure than woody stems the cvidc^nce sc^ems to show quite certainly 

that this greater simplicity is not 
due to the woody type of stem 
having been produced by evolu- 
tion from a primitive type which 
was herbaceous. On the con- 
trary, th(' woody type of stem 
came first in evolution and from 
it there later developed, by sim- 
plification, the herbaceous typ(‘. 
For this and other reasons w(» 
shall discuss fxfst the structure 
and deV('lopmerit of woody stems. 

Gross Structural Features. — 
If we examine with the unaided 
eye or, bettcT, with a pocket lens 
of low magnification, th(i cut end 
of a pi('C(^ of a woody stem, sev- 
eral regions can bc^ made out. If 
the stem is one to several centi- 
meters in diameter it will be 
found to consist mostlj" of a 
central cylinder of wood. The 
bark, which includ(\s the tissues 
outside of the woody cylinder, 
may be easily removed, because of the layer of thin-walled, (easily brokcai 
cells, the vascular cambium, l3dng next to the wood. 

Somewhat closer examination of the woody cylinder shows at the 
center, the pith, which consists of softer tissue. A number of circular 
lines conc(intric with the pith and cambium are present in the wood. 
The tissue between one of these lines and the next is an annual ring 
and consists of the cells which are added to the wood by the cambium 



FiCJ. 62 . — Section of stem showiiij^ the base 
of a leaf which is about to fall; the 
dotted line shows the approximate posi- 
tion of the abscission layer. 
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in a single year. The radiating lines of varying length in the wood are 
the wood or xylem rays. They are made up of cells elongated in a 
radial direction which function for radial conduction of materials. In 
large stems (see Fig. 75) two regions can often be distinguished in the 
wood, an inner portion often darker in color and not active in water 
conduction (the heartwood), and the sapwood which lies between the 
heartwood and the cambium. 

Two layers can often be distinguished in the bark, (1) the outer 
bark generally brownish in color and corky in character, and (2) the 
inner bark, which in young stems is generally green. All these features 
of the woody stem will be discussed in detail later. 

The Origin and Development of the Tissues. — The development of 
the tissues and the structure of the stem at various ages can best be 
understood by examining both cross and longitudinal sections. The 
cross sections should be cut at various distances from the stem tip in 
order to show the stages in development. It should be constantly borne 
in mind that the greater distance any portion of the stem is from the 
growing point in the lerminal bud, the older it is. 

The meristemalic cells of the growing point are all essentially alike. 
They form a rounded cone of tissue which is known as the promeristem 
(primordial meristem), in which growth is chiefly by increase in the 
number of cells, rather than by increase in their size. 

In the growing point, we note that the cells of the promeristem have differen- 
tiated somewhat in size and shajje to form three mam tissue groups: the protodenn, 
the ground meristem, and the procambium. These are the primary meristems. 
Their cells continue to divide, though less actively than those of the promeristem. 
By further differc'iitiaticjn they give rise to the primary permanent tissues, whi(‘h 
are tissues no longer capable of active cell division but fitted to carry on the various 
activities of the stem. 

Tlie protoderm is the outermost layer of cells. It develops into the epidermis, 
a jirirnary jicrmanent tissue. When protoderm cells divide, the walls formed are 
usually radial, that is, at right angles to the surface of the stem. As a result of these 
radial divisions the protoderm increases in circumference and thus keeps pace with 
the increasing volume of the underlying tissues. 

The ground meristem makes up the greater part of the tissue within the proto- 
d('rm. It consists of relatively large thin-walled isodiametric cells, which differenti- 
ate into the following primary permanent tissue groups: the cortex, and pericycle, 
the pith rays, if thi^se are present, and the pith. 

W hen procambium cells first, become distinguishable from the promeristem they 
are generally in strands, appearing therefore in a transverse section as isolated 
groups of cells. Thi^se strands are arranged in a circle. A little later more pro- 
cambium c(^lls may be formed between these strands until in many stems there is 
produc(^d a cont inuous hollow cylinder (a ring when seen in transverse section) of 
prf)cambium. In some stems the strands never join in this way. The procambiura 
cells are smaller, as seen in cross section, than are those of the ground meristem. 
They are, however, much longer, and many of them are pointed at the ends. From 
the procambium three tissue groujis or regions are derived as differentiation goes on. 
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Fia. 63. Diagram of longitudinal and cross sections of a woody dicotyledonous 
stem, showing primary and secondary growth. 
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These are the phloem, the cambium, and the xylem. In the cases where the pro- 
cambium is in strands and these do not join to form a procambium cylinder, the 
phloem, xylem, and cambium from a single strand constitute a vascular bundle. 

Primary Permanent Tissues. — Before the end of the first season^s 
growth the differentiation of the primary mcristems (protoderm, ground 
meristem, and procambium) into the primary permanent tissues has 
generally been completed. The primary permanent tissues include: 
(1) the epidermis, (2) the cortex, and (3) the stele, including (a) the 
pcricyclc, (6) the vascular tissue, (c) the pith rays, if they are present, 
and (d) the pith or medulla. 

The Epidermis . — This is usually a single layer of cells generally 
isodiametric as seen in transverse section but somewhat elongated in 
the direction of the stem’s length. The differentiation which takes 
place as the protoderm cells change over into epidermal cells consists 
principally of a thickening of the outer walls and to some extent of the 
radial walls, whereas the inner walls remain thin. While this thicken- 
ing is going on, the cuticle is being formed and the cellulose wall under- 
neath this layer is sometimes infiltrated with cutin. 

The Cortex . — This tissue group is bounded externally by the epider- 
mis and internally by the pericycle. The outer cells of the cortex, 
those lying just beneath the epidermis, arc usually collenchyma which 
constitutes the first mechanical or strengthening tissue of the developing 
stem. Beneath the collenchyma is a zone composed chiefly of thin- 
walled parenchyma which makes up a large part of the cortex. In 
addition to collenchyma and parenchyma, sclerenchyma cells (stone 
cells or fibers), with lignified walls, are also sometimes found in this 
region. The change from ground meristem cells to collenchyma involves 
lengf lulling of the cells and thickening of the corners, whereas differen- 
tial ion of the fibers is accompanied by elongation and thickening 
of th(' w^alls “ all around.” When meristem cells become parenchyma 
l(‘ss cbiing(' is involved, the cells merely growing in size in all directions, 
developing at the same time larger vacuoles and intercellular spaces. 

The Pericycle. — Internal to the cortex there is in some plants a region 
called the pericycle which extends inward to the phloem. In other 
plants this region is not well set apart, but is confluent with the phloem. 
The p(Ticycle is usually composed of two sorts of tissue, sclerenchyma 
and parenchyma. The sclerenchyma of the pericycle is made up of 
clos(‘ly fitting fibers. These may form isolated groups opposite the 
vascular bundles or may form a continuous ring. 

The Pith . — This also is formed by the transformation of ground 
meristem cells. It is made up of large-celled parenchyma with relatively 
numerous intercellular spaces, and its principal function is food storage. 
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Fia. 64.-Dmgram showing the tissues derived from the primary meristeras ( Mter 

i^tevens.) 
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Pith Rays . — In those cases in which the procambium remains in 
separate strands, each strand becomes differentiated into a vascular 
bundle, and between these bundles wide strips of parenchyma extend 
from the pith to the pericycle. Since these strips may be considered to 
be extensions of the pith they are spoken of as pith rays. They may 
be distinguished from other rays by the fact that they always extend 
clear to the pith. They also extend longitudinally from one node 
through an entire internode to the next node. 

The Vascular Tissue . — The procambium cells of the outer portion 



Fio. t)5.- - Cross section of a younj; vascular bundle of a dicotyledonous stem. 

{Artatolockia.) 


of the prociini])ium strand or cylinder become transformed into phloem 
and those of the inner portion into xylem. Only a few of the phloem 
and xylem eleiiK'nis are differentiated at first, but their number increases 
with the distance from the promeristem. A single layer of the pro- 
cambium c('lls lying between the xylem and phloem does not differen- 
tiate at all into permanent tissue but continues to functidn as meriste- 
matic cells. 

The Phloem .. — The phloem is made up of four kinds of tissue ele- 
ments: sieve tubes, companion cells, fibers, and phloem parenchyma 
cells, except in the gymnosperrns which lack companion cells. A 
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description of these tissue elements of the phloem has already been given 
on page 90. 

The Cambium . — When most of the cells of the procambium become 
differentiated into phloem and xylem and lose their ability to divide, a 
single layer of cells between the xylem and phloem retains the power 
of division, that is, remains meristematic. This is the vascular cambium. 
Its cells are thin-walled and rich in protoplasm, flattened tangentially, 
and in woody stems considerably elongated in the direction of the long 
axis of the stem, and pointed at the ends. In cross section, cambium 
cells appear brick-shaped. The cells of the cambium are capable of 



Fig. 66. — Part of a pith ray and two vascular bundles of a young Aristolochia stem, 
showing tlie origin in the stein of interfascicular cambium cells from fiith ray 
cells. 


repeated division giving risti on the inner side to new (secondary) 
xylem elements and on the outside to secondary phloem elements. 
In stems with separate vascular bundles between which are pith rays, 
the cambium layers of adjoining bundles are connected by strips of 
cambium cells formed by tangential division of the parenchyma cells 
of the pith ray so that a complete cambium cylinder is formed. The 
cambium between the bundles, by its divisions, adds new parenchyma 
cells to the pith rays. In stems with a continuous cylinder of xylem 
the cambium is from the first a continuous cylinder between the phloem 
and xylem. 
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The xylem and phloem differentiated from the procambium is called 
primary xylem and primary phloem; those formed by the cambium, 
secondary xylem and secondary phloem. The daughter cells of the 
cambium layer are at first very similar in appearance to the cambium 
cells but gradually they take on the characteristic form of the xylem 
and phloem elements into which they develop. 

Xylem . — The principal tissue elements found in the primary xylem 



Fig. 67. — Stages in the development of a pitted vessel from procambium cells 
(After Bonnier and Sablon.) 


are vessels, tracheids, and xylem (wood) parenchyma cells and xylem 
(wood) fibers. 

Vessels . — These are long tubes of considerable diameter, which have 
been formed by the elongation and enlargement of rows of cells of the 
procambium strand; in this differentiation of procambial cells, most of 
the end walls are totally or partially dissolved. Thus, a row of cells 
becomes transformed into a tube of considerable length closed at either 
end by walls which were not dissolved. At the time of the formation of 
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the vessel the protoplasm of the component cells dies. Functional 
vessels have, therefore, no living contents (Fig. 68). Before the proto- 
plasts disappear, the walls of vessels become thickened, and the thicken- 
ing material is laid down on the walls in various patterns, such that 
thick and thin regions alternate. The material laid down is cellulose, 
but subsequently these layers of cellulose are lignified. 

Depending on their sculpturing, that is, upon the distribution of the 
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Fig. 68. — Photomicrographs showing, in longitudinal section, development of spiral 
vessels in celery. A, the transverse wall between two vessel segments is intact; 
the segments contain protoplasts and their longitudinal walls are primary 
throughout. B, spiral secondary thickening has been laid down over the jinmary 
walls except over t.he central portion of the transverse wall. C and B, the 
central portion of the transverse wall has been dissolved away, the protoplasts 
have disappeared and the vessel segments communicate with each other through 
a large opening. (From Esau). 

thinner and thicker areas of the cell walls, vessels are spoken of as 
annular (ringed), spiral, reticulate (netted) or pitted. Annular and 
spiral vessels are the only kinds found in the xylem first differentiated 
from the procambium. They are formed before the stem has completed 
its elongation and can stretch owing to the tliiniK'ss of the wall between 
the rings or spirals. In most gymnosperrns vcissels ar(^ lacking. 

TrcLcheids , — A tracheid is a single elongated cell, more or less pointed 
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at the ends. Thus, it differs from a vessel, which is formed from a row 
of cells, the end walls of which have become totally or partially dissolved. 
Their length seldom exceeds 1 millimeter, and they have thick lignified 
walls which in most cases have bordered pits. There are also spiral 
and annular (ringed) tracheids. 

Pits may be simple or bordered, the former type occurring in ves- 
sels, tracheids, and other tissue elements of the xylem, and the latter 
being best exemplified in the tracheids of conifers although of common 



Fig. 09 — Photomicrograph showing, in cross section, two spiral vessels surrounded 
by xylem parenchyma from the petiole of a celery leaf. The vessel to the 
light is mature and empty; the one to the left is immature; it is closed by a 
transverse wall and contains cytoplasm. (From Esau.) 


occurrence in other woody plants. In the bordered pit (Fig. 71) the 
thickened portion of the wall overarches the margins of the pit. Some- 
times the original cell wall or closing membrane has a central thickened 
area calked the torus. The thinner marginal part of the closing mem- 
brane may be perforated by numerous small openings. 

Tlie tracheids, like the vessels, carry water and inorganic salts. 
They arc also important in giving strength to the woody stem. Like 
vessels, tracheids probably do not function to any extent in conduction 
until their protoplasts die. It seems likely that the thin areas in the 
walls of vessels and tracheids make conduction of sap from one con- 
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ducting element to another easier. The thick areas may, on the other 
hand, prevent the collapse of the walls (and resultant blocking of the 
cavities) when sap is being drawn up the stem by suction originating in 
the leaves above. 

Xylem Parenchyma Cells , — These have simple pits. Their proto- 
plasts remain alive for a long time, surviving long after those of the 
vessels, tracheids, and wood fibers are dead. They are found here and 
there among the other elements of the xylem. Their function is the 



Fig. 70. — Photomicrograph of a radial 
section of the wood of Sequoia sem~ 
pervirens (redwood) showing bordered 
pits. 



Fig. 71 . — Diagram showing the structure 
of a bordered pit. Above, the pit 
is shown in section. 


storage of water and food, and they also conduct these substances for 
short distances. 

A Summary of Primary Permanent Tissues. — In our study of the 
young woody dicotyledonous stem we have been concerned thus far 
only with the tissues derived from the primary meristerns. At the 
growing point of the stem there is just one tissue — the promeristem. 
This meristem gives rise to three primary meristerns: protoderm, 
ground meristem, and procambium. 
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These tissues further differentiate into the primary permanent tis- 
sues. In the following outline there is shown the relation of meristems 
to differentiation in the shoot of spermatophytcs. The solid arrows 
indicate the direct, progressive origin of meristems; broken arrows indi- 
cate regressive origin of meristems. 

Indefinite perpetuation by cell division 

‘ j. r i. ^ Origin of leaf primordia 
Growing point of shoot / 

(Promeristem) . r i i 

^ Origin of bud primordia 

Origin of primary meristems 


Proto<lerm Ground meristem > Procambium 

^ i 7 

Prooressivk Differentiation of Primary Tissues 

, 1 1 /I 

Epidermal system Ground tissues Primary vascular system 
(Cortex, pericycle, / (primary xylem and 
pith rays, pith) / primary phloem) 

\ " 

\ Fascicular cambium 

■V 

Interfascicular i 

Cambium \ Secondary vascular tissue 

/ (secondary xylem and 
secondary phloem) 


Keokeskive Differentiation of Meristem 
(a) Phellogen — > cork and phclloderm 
(b) Primordial meristem — ^ adventitious shoot and root primordia 





The cortex may be compost'd of part*nchyma and collenchyma, the 
pericycle of parenchyma and fibers; the primary phloem of phloem 
parenchyma, sieve tubes, companion cells, and phloem fibers; and the 
primary xylem of vessels, tracheids, wood parenchyma, and wood fibers. 

To the pericycle and the tissues which it encloses, whether in stem 
or root, the collective term, stele, is applied. 
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A daughter cell of the cambium which is to be added to the phloem may 
divide radially to produce a sieve tube cell and a companion cell or 
transversely to produce several phloem parenchyma cells. 

As the radial width of the xylem increases, the distance from the 
phloem, which conducts food, to the innermost of the water-conducting 
elements of the xylem becomes greater. The resulting need for better 
conduction radially of water from the xylem to the phloem and cambium 
and of food from the phloem to the cambium and living wood paren- 
chyma cells of the xylem seems to be met by the production of vascular 
rays by the cambium. These are formed, here and there, when a longi- 
tudinal row of cambium cells or several adjoining rows cease the pro- 



duction of xylem and phloem elements and produce parenchymatous 
cells which are somewhat elongated radially and apparently fitted for 
radial conduction of materials. 

The part of a vascular ray which is in the xylem is often spoken of 
as a xylem or wood ray ; that in the phloem as a phloem ray. On account 
of their difference of origin, vascular rays should l)c carefully distin- 
guished from the pith rays of stems having their vascular tissue in 
separate bundles. 

The principal points of distinction beside the difference in origin are: (a) pith 
rays are for a given stern fixed in number; (6) they extend from the pith to the peri- 
-cycle; (c) they generally extend longitudinally through an entire internode, from 



STEMS OF WOODY PLANTS 


113 


node to node; (d) they are primary in origin in that their tissue is formed by the 
differentiation of the ground meristem, though secondary tissue is added to them 
by the interfascicular cambium as they elongate radially. Vascular rays, on the 
other hand, are: (a) not fixed in number, for as the stem grows older more and more 
are produced; and (b) they never extend inward as far as the pith or outward to the 
I)ericycle. In a longitudinal direction a vascular ray extends for only a few cells, 
never throughout the length of an internode. 

The term medullary ray has been so long and universally used to include both 
pith rays and vascular rays, and the distinction between these two kinds of rays is 
so fundamental, that it seems best to give up entirely the use of the older and more 
inclusive term rather than to restrict its use to pith rays. 

Owing to the enlargement of the cylinder of tissue within the cambium 
ring, as a result of the addition of cells by the cambium itself, it becomes 
iKicessary for the cambium ring itself to increase in circumference. 
This is accomplished in certain instances by the radial division of some 
of the cells of the cambium to form new cambium cells. Where the 
cambial cells are very long, there are oblique divisions of these cells, 
accompanied l)y a slipping of the ends of the daughter cells past each 
other. Thus tlw^re appear two cells lying side by side where there was 
one cell before. These divisions result in the vascular rays becoming 
more distant from each other so that the tracheids, vessels, and other 
elements of the xylcrn and the elements of the phloem would come 
to be some distance from a vascular ray were it not for the initiation of 
iK'w vascular rays by the cambium. The r(\sult is that no tissue elements 
of x>dem and phloem arc far distant from the nearest vascular ray. 

T//e PhcUogcn (Cork Camhium ). — The phellogen is a meristem simi- 
lar in some respects to the cambium ring. Its origin is in certain cells 
of the (!ortc‘x, or rather randy, as in the apple, in the epidermis its(‘lf. 
W’Ikui it aris(‘s in the cortex it is usually the cells just below the epidermis 
which becoiiK' the ph(dlogen. Certain of these cells become meriste- 
matic and undergo repeated tangential divisions (Fig. 74), producing 
daughtcT cells on l)()th sides. The outer daughter cells may be trans- 
formed into cork cells, and thus a layer of cork is formed beneath the 
(‘pidermis. The cork c(dls soon die and become suberized, and as a 
result th(' epid('rmal cells are cut off from water and food supplies and 
do not long remain alive. The inner daughter cells may remain alive 
for a long time. These cells are similar to the cells of the cortex and 
form a (secondary) tissue called phelloderm. As a rule, the phellogen 
produces more cork than phelloderm. 

Summary of the Secondary Growth of Woody Stems. — Owing to 
the activities of the vascular cambium and the cork cambium there 
may be added to the stem each year the following: 
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By the vascular cambium : 

1. New xylem on the outside of the old xylem. 

2. New phloem on the inside of the old phloem. 

3. Vascular rays in both xylem and phloem. 

By the phellogen or cork cambium, or cambiums: 

4. Cork on the outside of the cork cambium. 

5. Phelloderm on the inside of the cork cambium. 

Annual Rings. — In temperate and cold climates a season of cambial 
activity alternates with a period of inactivity. Each growing season 
the cambium produces a new layer of wood which is generally many 
cells thick. As seen on the end of a log these layers appear as con- 



Fia. 75. — Cross section of a lop of redwood {Sequoia sempervirens) showing annual 
rings, light-colored sapwood, and dark-colored heartwood. Note the radial 
splitting which gives evidence of greater tangential than radial shrinkage of the 
wood as it dries. (From Division of Forestry, College of Agriculture of the 
University of California.) 





STEMS OF WOODY PLANTS 


115 


centric rings. They are the annual rings to which reference has already 
been made. 



Fig. 76. — Cross section of a portion of the wood of Sequoia. Portions of two adjacent 
annual rings are shown. Note the small, thiok-walled tracheids of “summer 
wood,*’ and the larger, and thinner-walled tracheids of “spring wood.” 
(Photograph furnished by K. Artschwager.) 


In woody plants growing in those parts of the world where there is 



Fig. 77. — Piece of a board of Douglas fir, Pscudoisuga taxifolia, cut from a saw guard 
in a lumber mill. Constant pelting with sawdust from the band saw has worn 
away the spring wood and left the thick-walled summer wood almost intact. 
(Photograph furnished by Emanuel Fritz.) 


each year a definite season of growth and a resting season or season of 
inactivity, each annual ring consists of two parts which are more or 
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In- ^ cross section of the trunk of a relatively younR tree of Sequoia gigantea 
(i5ig tree). J-he chalk lines and the arrows, except the central one, indicate 
approximately the annual rings formed in the years during which a number of 
events of great historic importance took place. The tree from which the section 
was cut began its growth in about a.d. 923 and was about 1000 years old when 
trees now standing which are certainly twice that age and prob- 
ably living trees 3000 years old exist. 6 p uu 
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less readily distinguish- 
able. These are the in- 
ner part or spring wood 
and the outer part or 
summer wood. In the 
spring wood of dicotyle- 
dons, the vessels are usu- 
ally largo and quite num- 
erous; in the summer 
wood, vessels arc rela- 
tively smaller and fewer 
or lacking entirely. The 
tracheids and wood fibers 
of spring wood are rela- 
tively less abundant and 
thinncir-walled than those 
of summer wood. The 
summer wood of one year 
(1923, for example) ad- 
joins the spring w^ood of 
the following year 
(1924). Hence, small, 
thick-walled elements of 
tlici summer growth of 
one year are adjacent to 
th(‘ relatively large, thin- 
walled wood elements of 
the spring growth of the 
following year, and the 
sharp line of demarcation 
between them is thus vis- 
ible even to the naked 
eye (Figs. 75, 76, and 84). 

In most gymnosperms 
vessels are wholly ab- 
sent and annual rings 
are distinguishable by 
reason of the differences 
in the tracheids of the 
summer and spring 
wood. The tracheids 
laid down in summer, as 



Fig. 79. — Diagram showing longitudinal and cross 
sections of a ten-year old tree. Note the decrease 
in the number of annual rings from the base of 
the trunk to the apex. 
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compared with those formed in spring, arc smaller, have thicker walls, 
and are often radially flattened. 

The width of the different annual rings in the same stem is not the 
same. This variation is due to differences in light, temperature, 
moisture, and other external conditions and also to the age of the stem. 



Fig. 80. — Diagram showing block of pine wood, a, spring wood; b, summer wood; 
c, intercellular space; d, bordered pit in tangential wall of summer wood; m, /, 
and c, bordered pits in radial wall of spring wood; h and g, wood ray cells; 
kf thin place in radial wall of wood ray cell. (After Stevens.) 


The first few rings produced are generally wider than those formed later. 
If we could interpret all the variations in width of the rings we would 
find that much of the history of a tree is recorded in the cross section of 
its trunk. 
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Fia. 81.— Diagram of a typical hardwood. TrS, cross section; RS, radial section; 
TaS, tangential section; AR, annual ring; SulF, summer wood; SpW, spring- 
wood; MR, xylem ray; V, vessel; F, wood fiber; SP, simple pits; BP, bordered 
mts; SC, scalariform perforations; ML, middle lamella. (After chart by U. S. 
Forest Products Laboratory.) 











Fig. 84. — Cross section 
of a part of a redwood 
log showing the effect 
of external conditions 
on the width of growth 
rings. The portion 
of the wood marked 
“A” was produced dur- 
ing a period of about 
eighty years. That 
marked “B” was pro- 
duced during a subse- 
quent period of about 
forty years. Up to the 
time of the increase in 
ring width the tree grow’ 
under unfavorable 
conditions, crowded 
and shaded by larger 
trees which surround- 
ed it. The surround- 
in fr trees were then 
felled by lumbermen 
and in the tollowang 
forty years the in- 
crease in stem diam- 
eter was almost four 
times that during the 
preceding eighty 
years. (Photograph I )y 
the Forestry Division, 
College of Agriculture, 
of the University of 
California.) 
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Detenxuning the Age of Felled Trees* — The number of annual rings 
seen in a cross section of a tree indicates the age of that part of the trunk. 
The number of annual rings decreases from the base of the trunk to its 
apex. For example, it is only in sections cut through at the base of a 
ten-year-old tree that ten annual rings will be found. Any section cut 
within the limits of the growth in length made by the plant during its 
first year will show ten annual rings. A section through that portion of 
the tree which was added to its length the second year will show nine 
annual rings ; thus, in sections through the growth of the third year and 
each succeeding year, to the tenth, the number of annual rings will be 
eight, seven, six, etc., decreasing by one each year. The twig growth 
made the tenth year will show only one ring of wood (Fig. 79). 

During the growing season, a drought or an insect attack may inter- 
rui)t the activity of the cambium by destroying the foliage. I.ater, the 
tree may produce a new crop of leaves, and these will enable the cam- 
bium to !)ecom(^ active again and to develop a new ring of wood. Thus, 
in a single s(*ason two rings of wood may be formed. These extra rings 
may lead to inaccuracies in estimating the age of a tree by counting 
the rings. It is not oftcai that such extra rings are formed. 

Wood. — Wo luivo used tho tonn wood for the xylem part ot the stele. Let us 
stvidy tho strvK'tuvo of tho wood of an old stem (trunks by an examination of cross, 
radial, and taiisontiid sections. 

Cross Scciion — In cross section, the annual rings ai)pear as more or loss parallel 
bands, (*ach with sjiring and suiiirrier wood. The wood rays are seen as narrow 
radial lines crossing the annual rings at right angles. The vessels, tracheids, wood 
fibers, and wood parenohyrna have their long axes running longitudinally, and 
acroordiiigly in cross section the cavities of the vessels appear as large rounded pores; 
the tracheids and wood fibers are seen as much smaller and thicker-walled elements 
wliieh are polygonal or stpiarc in shape; flie wood parenchyma cells resemble woou 
fibers and tracheids in cross section but have thinniT walls. 

R(uhal Section . — The annual rings app(‘ar in radial S('ction as more or less parallel 
bands which impart to the wood its eharaet eristic grain. Coarse-grain wood is wood 
with wide annual rings; fine-graia. wood has narrow rings. Wood rays, as seen in 
radial section, ajiiiear as bands or bars of varying width and length, running at 
right angk^s to the vessels, tracheids, and wood fibers. Vessels appear as long, 
narrow grooves. 

A quarter-sawed board is simply a thick radial section. The beauty of quartered 
oak and other woods is duci to the luster of large wood rays, when cut radially. 

Tangential Section . — In tangential section, the annual rings appear as wide 
bands, which may form various irregular figures. The wood rays arc cut across and 
appear as lens-shaped groups of cells. Vessels, wood fibers, tracheids, and wood 
parenchyma appear much as they do in radial section. 

Heartwood and Sapwood. — If we examine the cut end of a log, we observe that 
the woody cylinder consists of a light-colored outer zone, the sapwood, surrounding 
a generally darker-colored zone, the heartwood. Sapwood is composed of elements 
some of which, chiefly the wood parenchyma cells, are still alive, whereas heartwood 
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consists of elements all of 
which are dead. The darker 
color of heartwood of many 
trees is largely due to the de- 
position in the cell walls and 
cell cavities of rcjsins, gums, 
tannin, certain pigments, and 
other substances. These de- 
positions increase the weight, 
hardness, and durability of 
the heartwood, and they 
also plug up the conducting 
elements and thus retard or 
entirely stop the movement 
of sap. Transport of sap is 
almost entirely confined to 
the sap wood. The loss of 
the conducting power of the 
vessels and tracheids of the 
heartwood is due in some 
species to the plugging of 
these elememts, not only by 
the substances mentioned 
above, but also by tyloses. 
These are formed while the 
parenchyma cells are still 
alive. Where such cells are 
in contact with tracheids or 
vessels, their jjrotoplasts may 
Vjreak through the thin j)()r- 
tions (p)its) of the walls of the 
conducting e'lements and thus 
form protrusions (tyloses) 
into the cavities of the lattiT 



(Fig. 85). 

Bark. — All the tissue 
outside of the vascular 
cambium is included un- 
der the term bark. The 
bark is readily sc'parated 
from the woody cylindt^r, 
because the walls of the 
cambium cells are thin 
and easily ruptured. The 
bark is made up of the 
following tissues and 
tissue groups: cork, cork 



Fig. 85. — ^Tyloses in various stages of develop- 
ment in the vessels of black locust {Robinia 
pseudacada) . 


cambium, phellodcrm, cortex, pericycle, and phloem. 
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As a stem grows older, the original cork cambium may cease its activity and a 
new cork cambium may be formed deeper in the cortex. Subsequently, new cork 
cambiums may appear at successively lower levels. In a very old stem, cork cam- 
bium may be formed even as deep in the bark as the phloem. In plants in which 
the original cork cambium remains active for years there may frequently be seen 
(as in the cork of Anstolochia) conspicuous layers or ” annual rings ” corresponding 
to variations in the seasonal activity of the cork cambium. It will be recalled 
that cork is made up of dead cells with suberizcd walls and that this tissue is there- 



Fiq. 86. Cross section of a young tree of cork oak (Quercus swbcr), showing the 
unusually thick bark produced by this species, which is the source of commercial 
cork. Such cork as is here shown, the so-called “virgin cork,” is unsuitable for 
“corks.” It is stripped from the tree by cutting almost to the cork cambium. 
The subsequently termed cork tissue is more compact and homogeneous and 
suitable for cutting into “corks.” (Photograph furnished by the IDivision of 
Forestry of the University of California.) 

fore highly impermeable to water and dissolved substances. Consequently, any 
living cells outsidi* the corky layer will soon die. 

As a result of the incTcase in stem circumference through the activities of the 
cambium layers, the outer cork layers are stretched and may finally split. These 
layers may soon become detached from the stem, leaving the surface of the bark 
smooth, as in the sycamore {Platanus). In other plants, such as the oak {Quercusi) 
and the elm ( Ulmvs), t hey may remain attached for a number of years, thus forming 
a thick bark which is generally broken into characteristic furrows. 

The cork replaces the epidermis as a protective tissue. It shields 
the tissues beneath from mechanical injury, and from the entrance of 
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insect and fungous parasites. On account of its poor conduction of 
heat, it may protect the underlying tissues from sudden and great 
changes of temperature. Most important of all, as a waterproof cov- 
ering, cork is very effective. It is this property which is made use 

of when we utilize cork to close bottles con- 
taining liquids. The value of cork in check- 
ing water loss is also well shown in the case 
of the potato tuber, which is covered by a 
thin layer of cork. It has been determined 
that a peeled potato tuber may lose in 
twenty-four hours over sixty times as much 
water as it did in the same period before 
the layer of cork was removed. 

Lenticels. — In very young parts of stems, 
gases may enter and leave through the 
stomata of the epidermis. When cork is 
formed beneath the epidc^rmis this impervi- 
ous layer tends to cut off communication 
between the stomata and the cells of the 
cortex. This would prevent the access of 
oxygen to the cells which underlie the cork, 
wore it not for special ventilating regions in 
the cork. It is always just l)eneath a 
stoma that such regions are formed. There, the cork cambium colls 
may give rise, not to typical cork cells, but instead to large thin- 
walled cells among which arc intercellular spaces. These masses of 
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IiG. 87. — Photofijraph of the 
stem of a white birch 
(Beiula alba) showing nu- 
merous lenticels and two 
old leaf scars. 



Fig. 88. — Transverse section of lenticel of two-year old stem of elder. 

nigra.) (After Haberlandt.) 


(Samhucus 


tissue, which by enlargement finally break through the epidermis and 
project slightly above the surface of the stem, are known as lenticels 
(Fig. 88). They permit an exchange of gases between the atmosphere 
and the intercellular spaces of the tissues beneath the bark. Lenticels 
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are especially conspicuous in such plants as plum and cherry {Prunus)^ 
and in birch {Betula). 


HERBACEOUS DICOTYLEDONOUS STEMS 

Herbaceous dicotyledonous stems are similar to woody stems such 
as we have just described in the development of their primary tissues 
from the promeristeni and the primary permanent tissues. Most 
herbaceous stems like most woody stems have the vascular tissue 
in the form of a continuous cylinder, but sometimes there is instead a 
circle of distinct vascular bundles. In some cases the vascular tissue 



Fig. 89. — Photomicroe;raph of a cross-section of the stem of clover {Trifolium repens), 
an herbaceous, dicotyledonous plant. 


is in distinct bundles in the upper part of the stem and in a continuous 
cylinder near the base. The most conspicuous difference between 
herbaceous stems and such woody stems as we have described is the 
absence of, or smaller quantity of, secondary phloem and xylem, due 
to the cambium being absent or its activity being limited to a single 
season or less. As a result the pith makes up a relatively larger part 
of the stem than in woody stems. Herbaceous stems thus resemble in 
general young woody steins. Actually, under climatic conditions 
which permit herbaceous dicotyledonous plants to continue their growth 
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Fig. 90. — Types of dicotyledonous stems. .4, Liquidambar, tree, stele continuous. 
B, Platanus, tree, stele dissected. C, Lonicera, woody vine, stele continuous. 
7), Clematis, woody vine, stele dissected. (After Smnott and Bailey, from 
Fames and MacDauiels, An Introduction to Plant Anatomy^ McGraw-Hill Book 
Co.) 

for more than a year, they may develop relatively more secondary 
vascular tissue and become like typical woody stems. 

THE MONOCOTYLEDON TYPE OF STEM 

As in the woody dicotyledonous and gymnosperm stems and her- 
baceous dicotyledonous stems, the promeristem of the growing point of 
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monocotyledons, such as Indian com or Trillium, differentiates into the 
three primary meristems. The protoderm becomes a single epidermal 



Fig. 91. — Types of herbaceous dicotyledonous stems (continued). Digiialisy 
herb, stele (rontinuous. F, Artemisiay herb, stele dissected. (After Sinnott and 
Bailey, from J'jarnes and MacDanicls, An Introduction to Plant Anatomy^ 
McGraw-IIill Book Co.) 


layer which docs not differ essentially from that of other seed plants. The 


procambium always occurs in 
numerous strands scattered 
throughout the ground meri- 
stem or at least throughout the 
outer region of it. All the 
procam biuin cells differentiate 
into xylem and phloem ek'- 
ments and none remain in the 
meristematic condition as do 
those of the vascular cambium 
of gymnosperms and dicoty- 
ledons. Bundles of this sort, 
which are without a cambium, 
are called closed bundles (closi^d 
to further growth) (Fig. 93). 
Those of other seed-bearing 
plants in which a cambium lies 
between the xylem and the 
phloem are called open bimdles. 



Fig. 92. — Photomicrograph of a cross sec- 
tion through an internode of a stem of 
{Zea inays)f an herbaceous monocoty- 
ledonous plant. Note the many separate 
vascular bundles scattered through the 
parenchyma. 
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The vascular tissue is in numerous scattered bundles, not in a single 
ring of bundles or in a hollow cylinder, as in dicotyledons and gym- 
nosperms. In many grasses the center of the stem has no bundles, 
and as such stems grow they often develop a central pith cavity which 
becomes very large in the “ straws ” of wheat and certain other cereals. 



Between the epidermis and the outermost vascular bundles is a narrow 
zone corresponding to the cortex and pericycle, but these two regions 
are not distinctly marked off from each other in most monocotyledonous 
stems. 

Owing to the absence of a cambium, most monocotyledonous stems 
are not able to add to the quantity of xylem and phloem or to increase 
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to any considerable extent the number of cells in any of the other tissues. 
Most monocotyledonous stems do not increase much in thickness as 
they increase in age. What growth in thickness they have is due to 
enlargement of cells of the primary permanent tissues differentiated 
from the primary meristems. In a few tree-like monocotyledons, such 
as Cordyline^ Yucca, and Aloe, however, there is a true secondary 
thickening. In these plants a cambium arises in the pericycle or in the 
innermost cortex and produces a limited amount of secondary tissue 
on its inner side. Certain groups of cells derived from this cambium 
develop into typical closed vascular bundles and other cells derived 
from it remain parenchymatous. Thus there are developed vascular 



Fjg. 94. — Cross section ot the stem of rye {Sevale cerealc). Kedr.jvvii fiom Nathanson. 


bimdJcs which may be arranged to some extent in rows, to the outside 
of and between which is newly differentiated parenchyma. 

The characteristic features of monocotyledonous stems are as 
tollow’s: 

(a) The large number of vascular bundles and their more or less 

scattered distribution. 

(b) The absence of cambium in the vascular bundles. 

(c) The slight increase in the stem circumference on account of 

the absence of a cambium. The increase that does occur is 
mostly the result of growth in the size of cells already pres- 
ent. Exceptions to this general statement have already 
been cited. 
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(d) The restricted development of the leafy crown of perennial 

monocotyledons, like the palms. 

(e) The long period over which the phloem and xylem elements 

continue to carry on their work. Whereas in the stems of 
perennial dicotyledons and gymnosperms conductive ele- 
ments may cease to function within a few years, and are 
replaced by younger conducting elements, in perennial 
monocotyledons these elements retain their ability to 
transport materials throughout the life of the plant. 



Fig. 95. — Joshua Tree, Yucca hrevifolia. This and several other arborescent pjenera 
of the Lily Family are exceptions to the general statement that mono(!otylcdons 
do not have a cambium layer and are without secondary growth in stem thick- 
ness. The cambium layer does not however produce new xylem on the inside 
and new phloem on the outside but produces on the inner side a succession of 
new “closed’^ bundles of relative small size and each containing both xylem 
and phloem tissue. Joshua Trees grow extensively in many desert localities in 
the Southwestern States. Unusually large specimens may have a trunk diameter 
of 5 feet at shoulder height and attain a height of almost 50 feet. 
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A very characteristic feature of grass stems is that the differentiation 
of permanent tissues from the primary meristems may take place much 
earlier in the upper part of each internode than it docs at the very base 
of the internode. As a result the tissue just above some of the nodes 
often remains soft and meristematic long after the rest of the internode 
has its tissues fully differentiated. These meristematic regions, which 
are generally enclosed by the sheathing base of the leaf, may later become 
active and add considerably to the length of the stem. It is thus that 
the flower cluster (young wheat head or cluster of young oats) which 
is finally borne at the end of the main stem of many grasses is raised 
above the rest of the plant. 

Elongation, which thus takes place at a considerable distance from 
the tip of an organ instead of being restricted to a part near the apex, 
is not very common in seed-bearing plants. It is called intercalary 
growth in contrast with the much more usual apical growth. 


THE ANATOMY OF STEMS AT NODES 

Throughout our account of the structure of stems we have discussed 
the arrangement of tissues in the internodes but have had nothing to 
say of the anatomy of the nodes. It is at the nodes that groups of 
xylem and phloem elements (vascular bundles) enter the stem from the 
leaves and join the vascular tissue of the stele. Sometimes the leaf 
vascular bundles (leaf traces) pass downward through one or several 
internodes before joining the vascular cylinder or bundles of the stem. 
Naturally the arrangement of tissues is much more complex and dif- 
ficult to make out in sections of nodes than of internodes. The number 
of leaf traces, in the* leaf stalk (petiole), varies from one to five or 
more. In the leaf blade, these branch repeatedly and form the 
veins. Thus there is uninterrupted vascular connection from the 
margins of the leaves almost to the tips of the smallest roots and to 
the growing points of all the buds and branches of the stem. 


FUNCTIONS OF STEMS 

The primary functions of the stem are support of the leaves and 
conduction of water and raw materials for food manufacture to the 
leaves, and of food from the leaves. Secondary functions, that is 
those functions which the stem may carry on but whicli are at least 
equally characteristic of other organs, are food storage and food manu- 
facture. 



134 


THE STEM 



Fia. 96. — The primary vascular system of 
the stem of potato {Solanum tuhet osum), 
(From Fames and MacDaniel's Introduc- 
tion to Plant Anatomy, McGraw-Hill Book 
Co. After Artschwager, given b> Pio- 
fessoi Earnest 


Support. — The stem sup- 
ports the leaves and so dis- 
tributes them through space 
that they are in positions 
favorable for light absorp- 
tion and thus conducive to 
photosynthesis. The eleva- 
tion of the flowers on the 
stem favors the transfer of 
pollen both by wind and in- 
sects as well as the dissemina- 
tion of seeds. 

Conduction. — The stem 
conducts (a) water absorbed 
by the root from the soil, 
(6) dissolved inorganic sub- 
stances also taken up from 
the soil by roots, and (r) vari- 
ous foods manufactured in 
other parts of the plant and 
stored in the root or used by 
the root for growth or res- 
piration. In angiosperms the 
the vessels are the chief carri- 
ers of water and inorganic 
salts from the roots to the 
leaves. This function is shared, 
however, by the tracheids, 
and in the gymnosperms 
which lack vessels, tracheids 
are the only elements of the 
xylem adapted for the longi- 
tudinal conduction of water 
and inorganic salts. 

The rate of movement of 
water up the stem may be 
roughly ascertained by placing 
a leafy branch, which has been 
cut under water, in a solution 
of eosin, indigo carmine, or 
any one of various other 
dyes. 



FUNCTIONS OF STEMS 


135 


If after a short period the stem 
is split lengthwise, or if cross 
sections are cut, the height to 
which the colored solution has 
risen can be determined. By 
similar methods, the great 
botanist, Sachs, found, for ex- 
ample, that in the tobacco 
plant water conduction may 
go on at as rapid a rate as 118 
centimeters (about 4 feet) an 
hour. 

The Path of Movement of 
Sap. — By the method just de- 
scribed, the path of movement 
of water and the substances 
dissolved in it up the stem may 
also be determined. After a 
branch has been in the colored 
solution a short time, cross and 
longitudinal sections will show 
that the solution is present 
only in the vess(;ls and tra- 
cheids. That the tissues outside 
the woody cylinder are not 
essential to the rise of sap may 
also be shown by the fact that 
complete girdling of the stem 
(removal of cork or epidermis, 
cortex, pericycle, phloem, and 
cambium) is not followed by 
wilting of leaves above the 
girdled portion. The pith may 
also be destroyed without inter- 
rupting water conduction. Well 
fitted as the tracheids and 
vessels are, by their elonga- 
tion in the vertical direction, 
for the conduction of water 
and inorganic salts longitu- 
dinally in th3 stem they are 
not able to conduct efficiently 



measuring pressure) was attached by rub- 
ber tubing. As shown in the figure the 
manometer was filled partly with water and 
partly with mercury. At the beginning of 
the experiment the level of the mercury was 
the same in the two arms of the U tube. As 
root pressure develoried J^he mercury was 
forced upward in the right arm of the 
U tube, which was open at the top. The 
level of the mercury in this arm rose 40 cm. 
above that in the other arm, showing a root 
pressure sufficient to raise water to a height 
of over 5 meters, or about IG feet. 
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across the stem. Yet transfer of water from the wood to the cambium, 
phloem, pericyclc, cortex, phelloderm, and phellogen is essential. It is 
the vascular rays (also pith rays when present) through which this radial 
movement of water principally goes on. Where a tracheid or tracheal 
tube comes into contact with cells of a vascular ray, pits are usually 
found in the common wall between them, which make easy the passage 
of sap. 

The Factors Responsible for the Rise of Sap in Stems. — The quan- 
tity of water which may be transpired from a tree in a single growing 
season and which must therefore be conducted up the stern during that 
time is astonishingly great. It has been shown that a hundred-year-old 
beech tree, bearing perhaps a quarter of a million leaves, may lose, in the 
six months from June to November inclusive, as much as 9000 kilo- 
grams (about 10 tons) of water or, on the average, almost 50 kilograms 
(approximately 110 pounds or 50 quartos) daily. In view of the fact 
that such large quantities of water pass upward daily through the trunks 
of large trees and that this water is often raised to great heights (100 
meters or more in some species of Eucalyptus in Australia, and up to 
115 meters in Sequoia sempervirens) it seems only natural that the 
cause of the rise of sap should have been the subject of much speculation 
and study. 

There has been a tendency to attempt an explanation of this phe- 
nomenon on the basis of one simple mechanism, or at least a few inter- 
related functions. It now seems apparent that a number of processes 
are involved, the more important of which are (1) osmosis, (2) root pres- 
sure, (3) the functioning of living cells, (4) imbibition, (5) transpiration 
pull and water cohesion, and (6) capillarity. The part played by each 
of these will now be discussed. 

1. Osmosis . — It was pointed out in the discussion on osmosis that 
water tends to flow in the plant from regions where water molecules are 
relatively abundant to regions where they are relatively few. The flow 
of water into root cells is along such a positive gradient of water. It 
appears, furthermore, that the movement into the xylem vessels occurs 
along a similar gradient, the relative concentration of water in these 
elements depending at some times upon the concentration of solutes in 
the xylem sap and at other times upon the hydrostatic pressure as 
affected by transpiration pull. In the transpiring leaves water again 
flows through living cells from the xylem to the exposed surfaces of 
mesophyll, from which it is finally evaporated. Wherever water moves 
through living cells in the plant its rate and direction of flow is deter- 
mined by osmotic forces. 

2. Root Pressure . — The movement of water attending rapid solute 
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absorption by the roots of higher plants sets up in the xylem a pressure 
which is known as root pressure. This may be easily demonstrated by 
cutting off the main stem of a vigorously growing plant above the 
ground and replacing it with a glass tube attached by rubber tubing 
(Fig. 97). After some time, if conditions are right, sufficient water may 
enter the plant to raise the sap column to a height of several meters, and 
in extreme cases to as high as 15 meters. Although such pressure will 
not explain the rise of sap to the top of tall trees, this mechanism is 
apparently present in all plants and affects the uptake of water. In 
plants abundantly supplied with water and having little or no water 
loss, it may be the principal factor in water movement. It is an osmotic 
mechanism, however, and slow in its action, espcicially when approach- 
ing its limiting activity. In the functioning plant root pressure is of 
minor importance in water movement once transpiration becomes 
active, and when water loss reaches excessive proportions the very 
structure that makers root pressure possible may hinder water absorp- 
tion and result in dangerous water deficits within living tissues. The 
root pressure mechanism becomes totally ineffective when available 
moisture becomes low in the soil. 

3. Functioning of Living Cells. — Although the theory that living 
Cecils exert a pumping force upon the water in xylem vessels has been 
abandoned, experiments in which the xylem is injured show that even- 
tually vess(^ls in the injured region become plugged with gummy sub- 
stances or blocked with air bubbles. It seems essential that the con- 
ducting elements in the xylem be associated with living cells in order 
to maintain a condition favora))le to their functioning. The reason 
for this will be apparent in the discussion of water cohesion. 

4. Iinhibition. — The permeability of cell walls and cytoplasm to 
water, the maintenance of structure within the plant, and the provision 
of moist surfaces for gas absorption seem dependent upon imbibition by 
colloidal substances. It seems doubtful if the functions of water 
absorption, water movement, and water loss could be carried on by the 
plant were it not for imbibition of water by plant membranes. 

5. Transpiration Pull and Water Cohesion. — With the evaporation 
of water from mesophyll cells and the concentration of solutes in the 
cell sap, water is withdrawn osmotically from the tracheids in the 
veinlets of leaves. Accordingly, a pull is exerted on the upper end of 
the water columns in the conducting elements and the entire sap stream 
is raised. This requires that the sap columns from the leaves to the 
roots be continuous and that these sap columns have sufficient tensile 
strength to prevent them from breaking. Experiments using both water 
and plant sap indicate that these requirements may be met. There 
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seems to be no question that the cohesion (resistance to breaking under 
tension) of water within the narrow tubes is more than sufficient to 
transmit the tension (pull) throughout the entire length of the columns 
without breaking. The cross walls in the vessels and the end walls of 
the tracheids do not prevent the movement of sap, for these walls are 
saturated with sap and movement takes place freely. It was formerly 
believed that bubbles are of frequent occurrence in the conducting 
elements of the wood, which interfere with the flow of sap, but it has 
been shown that in intact stems the conducting tracheids and vessels 
of the sapwood (through which the movement of the sap takes place) 
contain no bubbles. 

It should be realized that the sap under tension in the tops of tall 
trees, and even in the roots when transpiration is high and soil moisture 
deficient, exists in an unstable condition and would immediately go 
over into vapor if conditions were right. Ho weaver, for the vapor phase 
to be initiated, it is apparently necessary that some surface be present 
that is not perfectly wet upon which the first bubble; can originate. This 
movement of sap uiidc^r high tension in plants senms to depend upon 
the fact that all structures inside the' sj^steTii of xylem vessels and 
tracheids are thoroughly wet by the' sap and no e)pportunity is afforded 
for the formation of the vapor phase'. It is interesting that in order to 
stay in this perfe;ct condition the conducting elements must e'xist in living 
tissues and be associated with living cells. Movement of sap under 
tension through killed xylem soon ceases because of the fonnation of 
bubblers, and the; me;chanism becomes inoperative. 

6. Capillarity . — The fe)rce; of capillarity affe'cts the movement of 
sap in the xyle'm in at le'ast two different ways. First, the' ultimate 
move;ment of wate'i* molecule's into the atmosph(;re from the; moist 
surfaces e)f mesophyll cells cause's a de'ficit in the imbibed water of the 
walls of these cells. This results in the recession of the film frem the' 
wall surface back into the molecular interstice's of the cellulose' of which 
the wall is made. Conse'quently capillaries are forme'd that are of 
molecular dimensions and capable; of exerting e;xtreme' force's upon the 
sap. This is appare'ntly the mechanism responsible for the develop- 
ment of the immense force required to lift water to the tops of the^ 
highest trees. 

The second application of capillarity is in the disappearance of 
bubbles formed during times of extreme stress in the tensile sap columns 
of the xylem. When a bubble is formed in a vessel or tracheid, the 
two opposed menisci at its two ends tend to press on the vapor and 
collapse it. Opposed to this is the pull on the sap columns that has 
formed the bubble. If the tension on the sap is decreased by reduced 
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transpiration, increased water absorption, or both, the force of capillarity 


remaining unchanged 
may exceed the lowered 
tension and when this 
occurs the menisci ap- 
proach each other, press 
the vapor back into solu- 
tion, and the bubble dis- 
appears. Thus the con- 
ducting elements of the 
xylem may be returned 
to a functioning condi- 
tion after bubbles have 
formed in them if the 
tension of the sap in them 
becomes sufficiently nv 
duced. This phenomenon 
can be produced artifici- 
ally in the xylern elements 
of certain stems and the 
whole process of l:)ubble 
formation and collapse 
observed under the 
microscope. 

It is apparent from 
this discussion that a 
number of functions are 
involved in th(^ mecha- 
nism of sap movement 
in the xylem. While this 
mechanism might con- 
ceivably function with- 
out the aid of living cells, 
experiments have shown 
that it is so delicately 
adjusted to the structural 
arrangement and to the 
extreme forces involved 
that almost any distur- 
bance will upset it and 



Fig. 98. — Demonstration of transpiration pull 
(water-lifting power of transpiring leaves). A 
leafy shoot, cut off under water, is fastened 
(water tight) into a perpendicular tube filled with 
water and with its lower end dipping into a 
vessel of mercury. As the transpiring shoot with- 
draws water from the glass tube, mercury is 
drawn upward into the tube. The height of the 
mercury column at the time the photograph was 
made was 27 cm., equivalent to a water column of 


render it ineffective. 
The principal part 


more than 3J meters or about 11 J feet. It is 

E 'ble to thus raise mercury to a much greater 
_ t. 
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played by the living cells is apparently one of maintaining the vessels 
and tracheids in a functioning condition, free from obstructions and 
from contaminated surfaces upon which bubbles could form. 

Conduction of Food. — C-arbohydrate (sugar and starch) formation 
takes place in green portions of the plant, principally in the leaves. 
Some protein is formed in the leaves also. Food produced in the leaves 
is constantly being carried away into the stems and through the stems 
to various parts of the plant, where it is stored or used for the formation 
of the protoplasm of new cells at the growing points of roots and stems 
or in the cambium region. However, before starch and protein can move 
out of the leaves they must be changed into simple substances (sugars 
and soluble organic nitrogen compounds) which are soluble and can 
pass from cell to cell. These may be changed back into starch and 
protein in the storage tissues. 

Downward conduction of foods lakes places chiefly in the phloem of 
the stem. It is known that complete girdling (or ringing) of the trunk 
of a tree by removal of a band of bark to the depth of the xylem, all 
the way around the stem, eventually results in the d('ath of the tree 
through starvation of the roots. C hemical studies on the composition 
and especially on the changes and gradients in soluble foods in the 
phloem indicate that movement of these mat ('rials takes place through 
phloem tissues and that concentration gradients are involved in the 
rate and direction of movc'inent. The rate at which food moves down- 
ward is much too rapid to be explained by mere diffusion and at present 
no complc^tely satisfactory explanation of this transfer of food in the 
phloem has been proposed. One group of physiologists thinks that some 
sort of activated diffusion causes the food molecules to move along tlie 
protoplasm at immensely accc'lerated rates. Another group maintains 
that food molecules and water move along the phloc'iri (principally 
through sieve tubes) by a procciss of mass flow resulting from a pressure 
gradient. This pressure gradient is brought about, in turn, by the 
osmotic movement of water from the xylem to satisfy the demonstrated 
concentration gradient of osrnotically active food substances in the 
phloem. Synthesis of foods in the leaves and utilization in iion-grecn 
regions (especially meristems) maintain the concentration gradient and 
develop the energy required to maintain flow through the phloem. 
Recent experiments on phloem exudation and virus movement in plants 
seem to substantiate the mass flow mechanism. 

Movement by either of these mechanisms is completely reversible, 
the direction being conditioned by the direction of the gradient estab- 
lished by synthesis and utilization. It is apparent, therefore, that the 
nutrition of the shoot meristems, the cambium, and the roots may all 
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be cared for without assuming special provisions for movement in dif- 
ferent directions. In spring, when active growth is renewed, food may 
move upward from points of storage in roots and stems to the buds 
through the phloem. On the other hand, hydrolysis of starch and 
release of the resultant sugar into xylem vessels may provide upward 
movement of sugar solution in this tissue, at least for a short time in 
the spring. 

Foods may also pass transversely in the stem along the vascular 
rays. The rate of such movement is relatively slow and may be 
explained by diffusion accelerated by protoplasmic streaming in the 
ray cells. Conducting elements of both phloem and xylem come in 
intimate contact with vascular-ray cells. Thus the vascular rays are 
able to carry food from sieve tubes radially into the cambium and 
xylem, where it serves to thicken the walls of developing xylem elements 
and to supply the needs of the protoplasts of living cells. This lateral 
movement also provides an abundance of food materials to the phloem, 
xylem, and pith for storage against future needs. 

Storage in Stems. — Various substances, such as water, food, and 
waste products, may accumulate in stems. These stored products 
may or may not be utilized later by the plant. The fleshy stems of 
such plants as cacti, Begonia^ glasswort {Salicornia) , purslane (Por- 
tulacd)j and various spurges {Euphorbia) aecumulate large quantities of 
water. The water storage tissue usually consists of large thin-walled 
cells in the cortex or pith. 

Stems may also serve as storage places for food. The chief storage 
tissues are vascular rays, wood parenchyma, cortex, and pith. Starch 
is the most common form of stored food in stems. For example, 
in young apple twigs starch is abundant in the pith, especially near the 
nodes. Cane sugar (sucrose), reserve fats, and proteins are also present. 

Subterranean stems, such as tubers, rhizomes, and conns, are 
especially adapted for food storage. Starch is the chief storage product 
in such structures. The starch is formed in the storage cells when 
surplus sugar (probably glucose) reaches these cells from the leaves. 
Th(' change from glucose to starch takes place within leucoplasts of the 
storage cells. This change is a chemical condensation, many molecuk's 
of glucose (CgHi20o) each losing a molecule of water unite to form a 
starch molecule (CoHio05)n. The letter n indicates our uncertainty 
as to how many glucose molecules go to make up a single starch molecule. 
B(^fore this stored carbohydrate can leave these or any 'other storage 
organs to be used elsewhere in the plant it must be digested, by hydrol- 
ysis, to form sugars again. This process of hydrolysis involves the 
taking up of water and the breaking down of the large starch molecule 
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into molecules of soluble carbohydrates (sugars). It is the reverse of 
condensation. Condensation of amino acids to proteins also takes 
place in plants and is comparable to the condensation of simple sugars 
to form starch. Insoluble or colloidal proteins may also be digested 
to simpler nitrogenous compounds or even to amino acids by hydrolysis. 
Such condensation and hydrolysis of carbohydrates and nitrogenous 
foods are brought about in plants and animals by the presence of 
certain substances called enzjnncs, which will be discussed in connection 
with the germination of seeds. 

The stems of some plants accumulate such substances as mucilage, 
resins, essential oils, tannins, and latex. In many ferns there are special 
ducts which secrete a mucilaginous substance. Most conifers possess 
resin ducts (Fig. 99). Also, in certain composites, the rosin- weed 



Fig. 99. — ^Resin canal as seen in cross section of wood of Pinus strohus. Observe the 
globules of resin in the canal. 

(Silphium), for example, resin or oil ducts are abundant in the stems. 
Tannins are found in the stems of many plants. They are particularly 
abundant in the bark of tan oaks, and in the heart wood of many trees. 
Latex is a milky secretion formed in a highly branched system of tubes 
extending throughout the plant body of certain plants (Fig. 100). These 
latex tubes have no cross walls and are distinct from the vascular sys- 
tem. Latex occurs in many different plant families. Common latex 
plants are the fig {Ficus) , dandehon {Taraxacum) ^ spurge {Euphorbia), 
and milkweed {Asclepias). The latex of plants is a very complex mix- 
ture containing such materials as sugar, oil, starch, protein, alkaloids, 
tannins, gums, resins, and salts of magnesium and calcium. Some 
regard latex tubes as food-storage organs; others consider that they are 
reservoirs of waste materials; still others regard them as serving for 
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the storage of both waste products and reserve foods. The very impor- 
tant part which rubber plays in modern commerce, particularly in 
connection with the electrical and automobile industries, has directed 
a great deal of attention to latex and latex-producing plants, for latex 
is the principal raw material of rubber. The most important rubber- 
producing species is Hevea brasiliensis but a number of other members 
of the spurge family (Euphorbiaceae) and Ficus elastica and other plants 
of the fig family (Moraccae) are of importance as rubber sources. 

Propagation by Means of Stems. — It is a familiar fact that many 
plants may be propagated (multiplied) by means of stem piecies. For 
example, in the commercial propaga- 
tion of such plants as roses, carna- 
tions, chrysanthemums, sugar cane, 
fig, grape, and many other plants, this 
method is much used. When these 
cuttings are placed in moist soil, roots 
develop at the lower end, and one or 
more axillary buds develop into leafy 
shoots. Thus, each cutting grows 
into an independent plant. 

Many plant cuttings, which ordi- 
narily will not root at all or only with 
some difficulty, form vigorous roots 
when treated with certain chemical 
compounds, the common one used 
commercially being the hormone in- 
doleacetic acid (heteroauxin). For 
example, lemon cuttings were smeared 
with a paste containing one part of 
pure synthetic indoleacetic acid mixed 
with 2000 parts of pure lanolin, and 

their behavior compared with un- Fig. 100.— Latex tubes in the root 

treated cuttings. Root formation dandelion (Tarax^um iaraxa- 

, , , , ^ ^ cum). (From Wmton, after 

was stimulated by the treatment. Tschirch.) 

Although indoleacetic acid is one of 

the most common root-stimulating substances, experiments have demon- 
strated the existence of sixteen or more substances which induce 
initiation of adventitious roots. 

These growth-promoting or growth-stimulating substances are 
known to be produced by a considerable variety of plants. They have 
also been extracted from animal sources. They are organic substances, 
and, although they occur in very minute quantities, they are capable 
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of producing marked physiological effects. In addition to their influ- 
ence on root production, there is reason to believe they may affect 
respiration, dominance of certain parts of plants over others, flower 
production, fruit formation, elongation of cells, and plant movements. 
Their r61e in cell enlargement and certain tropisms was discussed 
on pages 40 and 41. 

Under natural conditions, pieces of the stem may become detached 
and develop in the same way into new plants. Propagation by means 



Fig. 101. — Stem grafting. Two scions are shown in center; at left, the scions are 
inserted in clefts of the stock, and in such a manner as to bring the cambium 
tissue of stock and scion in close contact; at right, the grafts have been waxed 
over, and covered with cloth. (From the Division of Pomology, College of 
Agriculture, University of California.) 

of cuttings, whether of stems or of other vegetative structures, is of 
great importance in agriculture, because by this method new plants 
may be secured which are true to type. It is a matter of common 
knowledge that in the propagation of many economic plants by means 
of seeds, the offspring are often quite unlike the parent. Apples, 
for example, seldom come true to type when grown from secid. Hciiice, 
it is possible to secure new varieties by planting sec^d, but when a 
desirable variation appears it is propagated by mc^ans of plants which 
develop at the nodes of the horizontal stems (runners). These plants 
will have all the desirable characteristics of the plant from which the}^ 
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came. Propagation by means of cuttings of stems, roots, or leaves, or 
by grafting, often has the additional advantage that the cuttings or 
grafts often develop more rapidly than plants grown from seeds. 

Propagation by grafting is a very old horticultural practice, and is 
in common use in propagating fruit trees. In grafting, a piece of one 
stem, called the scion, is attached to another stem, which is rooted 
and is called the stock, in such a way as to bring together the cambium 
layers of each (Fig. 101). 

When a stem is wounded, as 
in grafting, there is formed a 
mass of large, thin-walled 
cells known as callus. This 
differentiates from certain 
living cells of the xylem and 
the bark, chiefly from vascu- 
lar ray cells. The cambium 
contributes v('ry little to the 
callus. A new cambium is 
formed by diffenmtiatioii of 
callus cells, and this cam- 
bium becomes continuous 
with the cambium of stock 
and scion. Phlociin and 
xylem elements are th(*n 
formed which link up phloem 
and xykun of scion and stock. 

However, there is evidence 
that xylem and phloem dif- 
ferentiate directly from cal- 
lus tissue, preceding cam- 
bium formation. Thus tluTC 
is a union of th(' stock and 
scion. At the same time, 
cork cells are differentiated from outer cells of the callus, and these become 
continuous with old cork and thus effectively close over the point of union 
of scion and stock. 

Budding is a horticultural practice which is essentially the same 
as grafting. It differs from grafting only in the character of the scion. 
In budding, the scion used is a single bud together with a small strip of 
adjoining bark. This is attached to the cut surface of the stock in such 
a manner as to bring the cambium of stock and scion together. The 
process of healing and union is similar to that which takes place in the 
case of a graft. 



Fia. 102. — A stem cutting, showing the indepen- 
dence of root and callus formation. (From 
Bioletti.) 
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Growth Medium of Stems. — The growth medium of stems may be 
either air, soil, or water. Many plants produce both aerial and sub- 
terranean stems. For example, asparagus, rhubarb, and Irish potatoes 
have underground stems, and from these are sent up aerial stems bearing 

foliage, leaves and flowers. 
Water also is in some cases 
the medium of growth of 
stems, as in such plants as 
Elodea, Potamogeton, and 
various water lilies, etc. 
Such aquatic stems possess 
extensive systems of large 
connecting air spaces in the 
tissue of the stem in which 
air is stored. The entire 
stem system of most plants 
grows in air. In our com- 
mon ferns the entire stem is 
underground, but in the 
tropical tree ferns there is 
an ('rect aerial stem or trunk 
bearing a leafy crown. 

STEM MODIFICATIONS 

Ordinarily we think of a 
stern as a cylindrical organ 
growing more or less erect, 
but there arc many modifi- 
cations of stems differing so 
much in form and in other 
respects from the ordinary type that they arc scarcely recognizable 
as stems, and careful study of their origin and structure is often nec- 
essary to identify them as such. Some of the commonest types of 
modified stems are rhizomes, tubers, corms, and runners, all of which 
are vegetative reproductive structures. 

Rhizomes. — These are elongated, underground, horizontal stems, 
generally rich in stored food. The rhizomes of Iris (Fig. 103), many 
ferns and the weeds listed in the following paragraph are good examples. 
Rhizomes generally bear reduced scale leaves at the nodes. Rhizomes, 
like typical aerial branches, possess terminal buds and produce lateral 
buds at the nodes in the axils of the scale leaves. The lateral buds may 



Fig. 103. — Iris plants, showing the rhizomes 
with leafy shoots and roots. (From Boc- 
quillon.) 
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give rise to aerial stems which usually die back to the ground each 
autumn. 

Many of our most pernicious weeds are rhizome-bearing perennials. 



Fig. 104. — Bermuda grass {Cynodon dactylon) showing the underground horizontal 
stems (rhizomes) and the general habit of the plant. 
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Familiar examples are certain species of wild morning glory (Convol- 
vultcs), quack-grass {Agropyron repens), Johnson grass {Sorghum hale- 
pense), nutgrass {Cyperus rotundus), and Bermuda grass {Cynodon 
dactylon). In the eradication of weeds of this class it is not sufficient 
merely to prevent the maturing and spreading of seed, for the plant 
is capable of propagating itself readily by means of the rhizomes, 
as well as by means of seeds. If the aerial stems arc cut to the ground 



Fia. 105. — Portion of a sprouting potato tuber. (After Robbins, Botany of Crop 

Plants.) 

line, new shoots are promptly sent up from the subterranean stems 
(rhizomes). Furthermore, if the rhizomes are broken into a number of 
separate pieces by cultivating implements, each piece may grow. This 
is simply a case of propagation by cuttings. Frequent cultivation, 
having as its aim the destruction of new shoots as soon as they appear, 
may succeed in starving out the rhizomes after a time, since food is 
made only in the green parts of the plant. When the food-making organs 
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are removed, a certain amount of the stored food in the rhizomes is 
drawn upon to produce new aerial shoots. If these are again cut off as 
soon as they appear above ground, and before they have an opportunity 
to manufacture food, the rhizomes will finally be killed by exhaustion 
of their supply of stored food. 

Tubers. — A tuber is a much-enlarged, short, fleshy underground 
stem. Tubers differ from rhizomes in their stouter form, their gener- 
ally shorter internodes, and the usual absence of roots. They are 
commonly produced at the ends of rhizomes. The most familiar 
example of a tuber is the common Irish potato (Solarium tuberosum). 
When a piece of a potato tuber (really a stem cutting) is planted, 
'' sprouts are sent out from the ''eyes.” From these sprouts 
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Fig. 106. — Cross section of a potato tuber. Note the scattered bundles of external 

and internal phloem. 


branches develop, some of which become the green, erect, leafy stems of 
the potato plant and some of which have no chlorophyll and grow hori- 
zontally underground. These horizontal branches have internodes and 
nodes with scale leaves and are quite obviously rhizomes. After the aerial 
part of the plant has produced a surplus of food the tips of the rhizomes 
become enlarged and thus form new potato tubers. Examination of a 
potato tuber reveals the presence of a terminal bud at the unattached 
" seed end ” of the tuber, groups of lateral buds (" eyes ”) along the 
sides, and near each " eye ” a small scale leaf. In an elongated potato, 
we may be able to make out the spiral arrangement of the " eyes,” for 
there is only one " eye ” at a node. The original epidermis of the tuber 
gradually dies and is replaced by a layer of cork cells (the " skin ” 
of the potato) in which numerous lenticels may be observed. Careful 
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microscopic study of a section of a potato tuber shows the presence of 
“ skin ” or periderm, cortex and pericycle (two narrow bands of tissue), 
xylem, phloem elements (in numerous groups), a great quantity of 
storage parenchyma tissue, and a central region corresponding to the 
pith of typical stems. 

Bulbs. — A bulb consists of a short, flattened or disc-shaped under- 
ground stem, with many fleshy scale leaves filled with stored food. 
Actually a very small proportion of the tissue of a bulb is stem tissue, and 
a bulb is rather a modified shoot than a modified stem. The common 
onion {Allium cepa) is a typical example of a bulb (Fig. 107). When an 
onion bulb is cut lengthwise through the center, one can see a small 


disc-shaped stem upon which are borne the 
numerous scale leaves which completely en- 
circle the terminal bud at the tip of the 
stem. Lateral buds may occasionally be 
found in the axils of the scale leaves. In 
the lower part of the disc-like stem there are 
many rudimentary adventitious roots which 




Fia. 107. — Median longitudinal section of an Fig. 108. — Corrn of crocus, in 

omon bulb. median longitudinal section. 

(Redrawn from Figuner.) 


develop when sufficient moisture is available. The terminal bud 
develops into the aerial shoot of the plant and the axillary buds into new 
bulbs. The reserve carbohydrate of most bulbs is not starch but sugars. 

Conn. — A corm is a short, solid, vertical, enlarged underground 
stem in which food is stored. A common example of a corm is the 
underground stem of gladiolus or crocus (Fig. 108). Corms are usually 
flattened from top to bottom, and bear a cluster of thick fibrous roots 
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at the lower side, and a tuft of leaves on the upper side. They differ 
from bulbs principally in being almost entirely made up of stem tissue 
with relatively few scale leaves whereas a bulb consists mostly of fleshy 
scales. 

Runner. — A runner, or stolon, is a stem that grows horizontally along 
the surface of the ground. It resembles the rhizome in that its direction 
of growth is more or less horizontal, but differs from the rhizome in not 
being underground. The runners of the strawberry plant (Fig. 109) 
arise as axillary branches. The runners have long internodes, and pro- 
duce leaves, flowers, and roots at certain nodes. Examination of the 
runners of strawberry shows that, whereas there are scale leaves at 
every node, new shoots and roots develop only at every other node. 
That is, between the parent plant and the first daughter plant there are 



two internodes, between the latter and the second daughter plant, two 
intcrnodes, and so on. By the death of runners, daughter plants become 
separated from the original plants. 

Stem Tendrils. — Although tendrils are generally formed from some 
part of the leaf, there are tendrils which are morphologically stems. 
This is shown by the fact that they may arise in leaf axils and bear 
small leaves or flowers. In the Fox grape {Vitis) the tendrils are stem 
tendrils; there is either a tendril or an inflorescence opposite each leaf. 


OTHER MODIFIED STEMS 

Stems may be modified to serve many other functions than those 
which have been mentioned above. Thus the spines of the honey 
locust (Gleditsia) y Colletia cruciaiay and a number of other plants are 
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modified lateral branches. Not all spines or prickles are modified stems, 
however. Some are outgrowths of the epidermis (spines of roses); 
others are modified leaves or leaf parts, and in a few cases roots become 
modified into spines. 



Fig. 110. — Two branches of Colletia crxiciata a xerophytic plant in which green, 
flattened lateral branches serve as photosynthetic organs and also as spines. 
The branch to the right is taken from an actively growing branch and shows the 
small temporary leaves. The branch to the left shows the characteristic spiny 
branches and in several places the scars of the leaves in the axils of which the 
branches had their origin as axillary buds. 

A good many xerophytic plants (plants of very dry habitats) are 
leafiess, or produce leaves which are shed very soon after their appear- 
ance so that the plants are leafless most of the year. This is generally 
interpreted as an adaptation to the environment since the reduction of 
surface through loss of leaves presumably lessens the danger of excessive 
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water loss. However that may be, such plants must carry on assimila- 
tion, and in the absence of leaves this function is performed by the 
stems, which are often flattened and somewhat leaf-like in form. The 
lateral branches of Colletia cruciata serve not only as spines but also 



are flattened and take the place of leaves in photosynthesi::^. Other 
examples are certain species of Ruscus, Muehlenbeckia platyphylla, 
and various species of the cactus (Opuntia), Such flattened, green 
stems of plants are called cladodes. They may bear flowers, fruit, and 
temporary leaves, 


CHAPTER V 


THE ROOT 

It is only the fact that the roots are hidden beneath the soil which 
prevents it from being generally realized that the root system of a plant 
commonly equals or exceeds the shoot in length and extent. Often the 
total number of root branches is greater than the number of stem 
branches. 

It will be recalled that roots, which may in some cases bear strong 
superficial resemblance to stems, are distinguished from stems by the 
following characteristics: Roots rarely grow upward, they are not divided 
into nodes and intemodes, root branches originate deep in the tissue 
of the root from which they arise, and the root growing point is covered 
by a special protective structure called the root cap. In addition to 
these points of difference, roots and stems differ very greatly in the 
arrangement of their primary permanent tissues. However, those 
roots which develop cambium and have secondary growth in thickness 
come to resemble old woody stems in their structure. 

Kinds of Roots.— According to their origin, roots may be classified 
as primary roots, secondary roots, and adventitious roots. 

The primary root of a plant is the root which developed from the 
radicle (rudimentary root) of the embryo of the seed from which the 
plant grew. It is the first root of the plant and in many species remains 
the principal root throughout the life of the plant. 

Branches of the primary root are called secondary roots. It is 
sometimes convenient to distinguish branch roots which arise from 
secondary roots, as tertiary roots, but we shall use the term secondary 
roots to include all branches of primary roots. 

All roots which are not branches of the primary root are spoken of 
as adventitious roots. Adventitious roots may arise from stems and 
even in some cases {Begonia, Gloxinia, and BryophyUum) from leaves. 
The prop roots of corn {Zea) (Fig. 131) which grow out from the lower 
nodes of the stem and, entering the soil obliquely, serve as braces for the 
plant, are good examples of adventitious roots. The roots which grow 
out from planted tubers, bulbs, and rhizomes are also adventitious 
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roots, and when stem cuttings of such plants as pears {Pyrus)j blackberry 
(RubiLs), geranium {Pelargonium), and rose {Rosa) are placed in damp 



Fig. 112. — Tap root system of the sugar beet. (Photograph furnished by the Great 
Western Sugar Company.) 


sand or soil there will be produced at the lower end a number of adven- 
titious roots. 
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Kinds of Root Systems. — In many species of plants, especially among 
the monocotyledons, the primary root does not generally become the 
main root of the plant but stops growing while the plant is still young. 
In such cases the functions of anchorage and absorption are taken 
over by numerous adventitious roots which grow out at the base of the 
stem. There results what is spoken of as a fibrous root system, which 
is characteristic of corn (Zea), wheat (Triticum), and other grasses, 
the palms, and many other monocotyledons. 

When the root system consists principally of an actively growing 
primary root with its branc^hes (secondary roots) it is spoken of as 
a tap root system or primary root system. Conspicuous among the 
many examples of plants having such a root system are the carrot 
(Daucus), beet (Beta), radish (Raphanus)^ turnip (Brassica), and 
parsnips (Pastinaca) y and other such plants in which the primary root 
is greatly enlarged for food storage. In most cases, as in mallow 
(Malva) and oak (Quercus)y the primary or tap root is not so con- 
spicuously enlarged. 

The Form of the Root System. — Just as we recognize great differ- 
ences in the form of the shoot systems of our common planih, so do we 
find conspicuous differences in the form of root systems. For obvious 
reasons we are much more familiar with the form of the shoot system 
than we are with the form of the root system. 

Figures 112, 113 and 114 illustrate two types of root systems. 
Although soil conditions exert a marked influence on the form of the 
root system, it is, to a considerable degree, a specific characteristic of the 
plant, just as is, for example, the form of the crown of a tree. The cereals 
and mo^ grasses have relatively shallow root systems which in general 
assume a broad, pyramidal form. The sugar beet {Beta vulgaris) has a 
deep root system. 

Though shallow root systems are characteristic of certain species of 
plants and deep root systems of others, the depth of the root system 
in many cases varies greatly with soil conditions. Plants living in a 
dry region where they must depend for water mostly on occasional 
showers profit by a shallow root system with great numbers of roots in 
the first few inches of soil beyond which the water seldom penetrates. 
On the other hand, for plants growing in regions where they must 
depend principally on water deeper in the soil, the deep root system 
is more advantageous. As far as firm anchorage of the plant is con- 
cerned, the deep root system is obviously more efficient than the shallow. 
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STRUCTURE OF ROOTS 

External Features. — The root is an almost cylindrical structure, 
tapering very gradually from its base, where it is attached to the stem 
or to a larger root, towards its free end. By the root tip is meant the 
4 to 6 centimeters of the free end. It is in this part of the root that 
growth in length, water absorption, and most of the development of 
the primary tissues take place. This part of the root may for conve- 
nience in describing it be divided into the following regions beginning 
at the very end : 

The root cap. 

The growing point. 

The region of elongation. 

The region of root hairs 

The root cap is a protec^tive structure consisting of a thimble-shaped 
mass of cells covering the end of the growing point. It will be recalled 
that in the stem the growing point is protected by the rudimentary 
leaves and bud scale, if the latter are present. Protection of growing 
points may be necessary (1) because of the thinness of the walls of the 
promeristem cells which makes them particularly liable to mechanical 
injury and drying out, and (2) because these cells, upon which the 
growth of the organ depends, are of such great importance to the plant. 
In the root, protection of the growing point from injury through an 
excessive loss of water is generally not necessary since the root tip is 
seldom exposed to dry air. Danger of mechanical injury is, however, 
much greater than for the growing point of the stem, as the tip is con- 
stantly being forced through the soil which is largely composed of 
minute pieces of rock. By reason of the abrasion of the cap by the soil 
particles it is continually being worn away, but at the same time new 
cells are being added to it where it is in contact with the growing point. 
The passage of the root tip through the soil is facilitated by the fact 
that the outer layers of cells of the root cap become mucilaginous and 
thus render the cap rather slimy. 

The growing point, as in the stem, consists of mcristematic tissue 
(promeristem) in which active cell division is going on as long as the 
root is growing. This region of the root is in most cases about a milli- 
meter in length. Growth in length takes place in this region but at 
a very much slower rate than in the region of elongation just behind it. 
As the result of active cell division, the number of cells in the growing 
point tends to increase. Some of these cells are constantly being added 
to the root cap and others to the region of elongation. 
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In the region of 
elongation the cells 
produced in the grow- 
ing point undergo very 
rapid growth in length 
as the result of ab- 
sorption of large quan- 
tities ot water and the 
stretching resulting 
from the high turgor 
thus developed. This 
region of the root is 
generally from 2 to 5 
millimeters in length. 
Thus it is only a small 
part of the root tip — 
a few millimeters in 
length — which is actu- 
ally being pushed 
through the soil. 

In the region of 
root hairs, elongation 
has ceased and the 
surface of the root 
becomes clothed with 
a dense groAvth of root 
hairs. These struc- 
tures are of great 
importance not only 
in connection with the 
absorptive function 
of the root but also in 
anchoring the roots 
firmly in the soil. In 
th(' pea (Pisum) there 
may be as many as 
230 and in Indian 
corn {Zea mays) as 
many as 420 hairs per 
square millimeter of 
root surface. It is in 
this zone that the cells 







These four regions which have been briefly described are spoken 
of together as the root tip. In the part of the root behind the tip the 
root hairs are withered and dead, for the life of each root hair is but a 
few days, the older ones dying off as new ones are produced at the 
lower end of the root-hair zone. In the older part of the root, growth 
in length never takes place but there is sometimes an actual shortening. 
It is in this region that secondary roots make their appearance. 
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Anatomy of the Root.— Roots of different kinds of flowering plants 
are much more uniform in their internal structure than are stems, 
and we shall not have to study several types as we did in the case of 
stems. It will be easier to gain an understanding of the anatomy of 
the root if we consider in order a series of cross sections from the growing 
point to the mature region of the root, a method similar to that used 
m describing the development of the tissue of the stem. 

A Cross Section through the Root at the Growing Point.— A section 
across the root through the growing point shows that here the root 



Fig. 117.— PhotomicroKraph showing, In cross section, the stele, endodennis and 
cup) ^ cortical parenchyma, of the root of Ranunculus (butter- 


is made up of typical promeristem cells, thin walled, all very much 
alike, and practically without intercellular spaces. If the section is 
made at one of tho.se times during the day when nuclear division is 
most active, a great many nuclei will be in some stage of mitosis. The 
resting nuclei will be found to be much larger in proportion to the size 
of the cells than in permanent tissues. Outside of tlje tissues (pro- 
meristem) of the growing point there will be found in such a section a 
ring of cells which may be quite separated from the tissue of the growing 
point. These are cells of the root cap where it extends back over the 
growing point. 
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A Cross Section through the Region of Elongation. — This is also, 
of course, circular in outline. The cells in such a section are still 
meristematic but are not uniform in appearance, for some differentia- 
tion, principally in the size of the cells, has taken place. The single 
layer of surface cells is the protoderm. The circular group of cells in 
the center of the section is the procambium, and between this and the 
protoderm is the ground meristem. It will be recalled from the discus- 
sion of the anatomy of the stem that these three meristematic regions 
are spoken of as primary meristems. 

A Cross Section through the Region of Root Hairs. — In this section 
the following primary permanent tissues can be seen: 

1. The epidermis (derived from the protoderm) with its root hairs. 

2. The cortex (derived from the ground meristem), the innermost 
layer of which is the endodermis. 

3. The stele consisting of: 

The pericycle, which is derived from the ground meristem, and the 
xylem and phloem derived from the procambium. 

The epidermis consists of a single layer of cells from which the root 
hairs arise. The cortex is composed of numerous layers of parenchyma 
cells and of a single innermost layer, the endodermis, the cells of which 
frequently have their inner, radial, and transverse walls thickened. 
In other cases the endodermal cells have the walls thickened all around 
and in still others they are thin walled, except for a strip (the Casparian 
strip) running lengthwise through the radial and transverse wall. The 
thickened portions of the walls are cutinized or suberized. 

The stele in most roots has no pith, whereas the stems of most seed 
plants have a central pith with the vascular tissue either in a continuous 
cylinder or in a ring of vascular bundles. The pericycle is the outer- 
most tissue of the stele. It generally consists ot one layer of paren- 
chjnnatous cells forming a continuous ring of tissues. 

The xylem generally consists of a central mass of xyk^m elements 
with several radiating arms, between wliich are groups of phloem 
elements. Xylem and phloem groups are separated by one or more 
layers of parenchyma cells. In some cases, mostly in the roots of 
monocotyledons, the central cells of the stele arc parenchymatous and 
form a pith, and the xylem is in separate radial groups alternating 
with groups of phloem cells. For the most part the xylem and phloem 
elements are similar in structure and function to those of the stem. 
Spiral and amiular vessels are relatively rare in roots. This seems to 
be correlated with the fact that the region of elongation in roots is very 
short compared with that in stems. It will be recalled that in the stem 
spiral and annular xylem elements are found in the part of the xylem 
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which is first formed, that is, formed while the region in which they 
are produced is still elongating. 

Root Hairs. — The importance ot root hairs to the plant is so very 
great that it is desirable lor us to learn more of their structure and 
functions. It is absolutely essential to the life of all typical land plants 
that they secure from the soil a-n amount of water at least equal to the 
quantity which they lose to the air by transpiration. If such plants 

n 


Fig. 120. 

Fig. 118. — Wheat seedling showing soil particles clinging to the root hairs; note that 
the root tips are tree of root hairs. (Alter Robbins, Botany of Crop Plants.) 

Fig. 119. — The tip of a root hair showing adherent soil particles. Such particles, 
between and around which the root hair has grown, often become so firmly 
attached to the root hair that they can not be washed off or removed in any 
other way without injury to the root hair. (After Noll.) 

Fig. 120. — Stages in the development of a root hair. (After Frank.) 

are to grow and develop normally, additional water is necessary for 
photosynthesis and to supply that required for the formation and 
growth of new cells. For normal growth and development of plants, 
the amount of water absorbed must exceed that lost by transpiration. 

The roots are the absorbing organs, but water and soil solutes are 
not taken in by the entire surface of the root system. The surface of 
old parts of roots is often covered with a layer of cork cells which is 
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quite impermeable to water and mineral salts. Also, in old epidermal 
cells suberization greatly restricts the entrance of water and salts. 
Accordingly, absorption is carried on principally by root hairs and epider- 
mal cells at or near the root tips. When we pull up a young herbaceous 
plant from loose soil, we find that it has a large number of hair-like 
rootlets (branch roots), which are sometimes mistaken for root hairs. 
If we examine these with a hand lens it will be seen that these fine 
rootlets and all the other roots are covered at their tips with much 
smaller structures, the root hairs. That root hairs are the chief water- 
absorbing organs of a plant is indicated by the quick wilting of plants 
when many of their root hairs are destroyed. The root hairs are so 
tender and so firmly attached to the soil particles that it is practically 
impossible to remove a plant from the soil without injuring or actually 
tearing off innumerable root hairs. Furthermore, a few seconds^ 
exposure to dry air, when plants are transplanted, is sufficient to shrivel 
the root hairs and to render them unable to perform their function. 
Consequently, the transplanted plant generally wilts and seldom 
revives until new root hairs are formed. 

Structure of Root Hairs. — A root hair is a lateral protuberance of 
an epidermal cell (Fig. 120) having the form of a slender tube closed at 
the free end. A root hair and the epidermal cell from which it grows 
are not separated by a wall. They together constitute a single branched 
cell with a single protoplast. Though tending to cylindrical form, root 
hairs may become greatly contorted in their growth between and 
around soil particles. They vary in length from a fraction of a milli- 
meter to 7 or 8 millimeters. The walls are thin and composed of cellulose 
and pectic compounds, and are lined with a thin layer of cytoplasm. It 
should be specially emphasized that all the materials that enter the plant 
from the soil must pass through the walls and also through th(^ cytoplas- 
mic membranes of root hairs or epidermal cells. From the root hair, the 
absorbed materials pass inward to the cells of the root cortex, then to the 
endodermis and pericyclc, and finally enter the conducting elements of 
the xylem. By these they are carried to various parts of the plant. 

Root-hair Zone. — Functioning root hairs occur only in a definite 
zone, known as the root-hair zone. This may be well observed in young 
seedlings grown in moist air (Figs. 121 and 122). The root cap and 
growing point bear no root hairs, and the region of elongation is also 
devoid of root hairs. This is clearly an advantage to the plant since 
it is obvious that, if hairs were produced in the region of elongation, 
they would be broken off as this part of the root advanced through the 
soil. The length of the root-hair zone varies from a few millimeters to 
several centimeters. If the roots of a plant growing in fine sand are 
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Fia. 121. — Seedling of white 
clover (Trifolium) grown in 
moist air. The cotyledons 
have not yet escaped from 
the seed coat but the well- 
developed radicle shows 
clearly the growing point, 
region of elongation and 
root-hair zone. Magnifica- 
tion 6X. 



Fig. 122. — Seedling of garden cress 
(Lepidium) grown in moist air. 
Root hairs in various stages of devel- 
opment can be distinguished behind 
the region of elongation. Surround- 
ing the cotyledons is the swollen 
gelatinous mass derived from the 
seed coats. Magnification 4X. 
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bium arises and secondary increase in tlii(;kness normally occurs. The formation 
of the cambium and the secondary growth of the root generally proceeds as follows. 
First, certain parenchyma cells lying adjacent to the xylem and phloem, and those 
of the pericycle lying just outside of the xylem, become mcristematic and form a 
cambium layer. At first, this vascular cambium, as seen in cross section, is not 
circular but has the form of a wavy band, since it passes inside of each phloem 
strand and outside of the xylem (Fig. 126). 

Those portions of the cambium which adjoin the phloem give rise to new vascular 
elements both on the outside and on the inside. The new cells formf^d on the outer 
side become phloem elements, and are added to the phloem already present. Those 
formed on the inner side become xylem elements and thus new xylem strands are 
formed. There result at these points vascular bundles similar to those found in 
many dicotyledonous stems. Where the cambium hes outside the original groups 



Fig. 126. — Cross section of a portion of the stele of a jirimary root of horse-bean 
(Vicia faba)f showing origin of cambium. (Redrawn from Haberlandt.) 


of xylem elements it produces parenchymatous cells on both sides and thus forms 
rays which lie between the vascular bundles. 


Eventually the xylem produced by the cambium forms a complete 
cylinder of wood with many narrow xylem rays, as in most woody 
stems. Surrounding this is a narrow band of phloem and outside of 
that the bark. 

Soon after the vascular cambium makes its appearance, certain 
cells of the pericycle undergo repeated division and thus form another 
cambium. This is called the phellogen or cork cambium. The cork 
cambium produces cork externally and phelloderm tissue internally. 
All the tissues which originally lay outside of the pericycle die soon 


STRUCTURE OF ROOTS 


169 


Epidermis 

Cortical Parenchyma 

Endodermis ^ 

— Pericycle 

Primary Xylem 

Primary Phloem 

Cambium-"^' 


Epidermis^ 

Cortex 

/Endodermis^^ 




V Secondary 
\ Phloem 

^ Secondary 
Xylem 


\' 

Cortex 
(Sloughing off) 


Cork 

Phellogcn 

Pericyclc 

Secondary Phloem 

(1 Bt year) 

Secondary' Phloem 
(Znd year) 

Cambium 
Secondary Xylem 
(2nd year) 

Secondary Xylem 

(1 at year) 

Primary Xylem 
Phloem Ray 
Xylem Ray 
Primary Phloem 


Fig. 127. — Diagrams showing stages in the secondary growth in thickness of a root, 
A, before the appearance of cambium. R, the formation of the cambium ring. 
C, 2), and E stages in the development and growth of secondary phloem and 
xylem. Secondary increase in thickness due to the activity of phellogen is 
also shown. (Drawing prepared by Esau.) 
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after cork formation commences. As a result of the activities of these 


Ring of growth 



.^Phloem 


Cambium 

region 

^Xylem 

^ Storage 
parenchyma 


Fig. 128. — Cross section of suKJir-beet root, a storage form of root. Observe the 
rings of growth wliic-h are made in one season. Running in from the cleft, at the 
bottom of the jihotograph is tissue of a lateral root. 
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two cambiums, the old root comes to resemble in structure that of an 

old stern. 

The Functions of 
Roots. — As was pointed 
out in ( 'hapter 11, the func- 
tions of the root system 
are absorption, conduction, 
anchorage, and storage. 
We shall discuss thtise 
four processes in the ord(;r 
named, considering under 
absorption the intake, first 
of water, and then of 
solutes, primarily inor- 
ganic salts. 

Importance of Water 
in the Life of a Plant. — 
Without water the plant 
would be unable to carry 
on any of its life processes. 
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Fig. 129. — Transverse section of an old root of 
alder {Alnus). Note its resemblance in struc- 
ture to an old stem. (After Jeffrey.) 
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Water makes up 70 per cent or more of the weight of the protoplasm 
of all actively functioning cells. In addition the cell sap consists 
mostly of water, and the walls of most living cells contain a large 
percentage of water imbibed in the cell wall material. 

In seeds and lichens and some mosses the percentage of water present 
may fall to as low as 10 per cent or less but growth and normal physio- 
logical activity are possible in these cases only after large quantities of 
water have been absorbed. 

Water is needed in large quantities by the plant because: 

1. It is an essential constituent of protoplasm. When the water 
content of the protoplasm is greatly redu(*ed death often results or at 
least there is a very great reduction in protoplasmic activity. 

2. It is an essential raw material for food manufacture. 

3. It serves as a solvent of gases (oxygen and carbon dioxide) and 
of mineral nutrients and foods. 

4. It serves as a medium of transportation of raw materials and 
foods from place to place in the plant, since their transport can take 
place for the most part only in solution. 

6. It makes possible the maintenance of turgor in living (‘ells; the 
plant functions normally only when the cells are distended with water. 

In arid and semi-arid regions, scarcity of water is often the principal 
condition which limits the growth of plants. Under natural conditions 
crop plants almost always have an abundance of light and oxygen and 
sufficicuit carbon dioxide to permit normal growth during the growing 
season; the t(anp(Tature of the air and the soil is seldom seriously un- 
favorable to growth; moreover, the physical and ch(anical nature of the 
soil in which crops are grown is for the most part suitable, but in many 
agricultural sections of the country and particularly in semi-arid and 
arid regions, water is the priiuapal limiting factor in crop production. 
Water is a most important factor in determining both the distribution 
of plants over the earth’s surface and the character of the individual 
plant. We observe marked dissimilarities in the vegetation of high 
mountains, dry plains, prairies, and the eastern deciduous forest belt 
and in the character of the plants growing in tropical rain forests, the 
South American pampas, the Russian steppes, deserts, and tundras. 
The plants of hillside, of brook bank, of gravel slope, of rock slide, of 
bog, of meadow, and of the margins of ponds, lakes, and rivers also 
differ greatly. Probably no single factor is so largely responsible for 
this diversity of plants in these various habitats as is the difference 
in supply of water. 

In most plants, wild or cultivated, all water comes to the plant from 
the soil. As we have learned, the water enters the plant through the 



172 


THE ROOT 


root hairs and passes out of the plant as water vapor, principally through 
small openings (stomata) in the surface of the leaves. Water entry is 
spoken of as water absorption, water loss as transpiration. Thus 
there is a stream of water through the plant, from roots to leaves Too 
much transpiration and too little absorption are the principal dangers 
to which the plant is exposed. 

Absorption of Water by Roots. — Only water and substances (includ- 
ing gases) dissolved in water can enter the plant from the soil and they 
must pass through the walls of the root hairs and also through the cyto- 
plasmic membrane which lines the walls. The cell wall, of cellulose, 
is a permeable membrane through which water and all solutes present 
in the soil solution can pass unhindered. The cytoplasmic membrane 
is, however, semipermeable and prevents or greatly restricts the pas- 
sage of some dissolved substances. Normally, the total concentration 
of the solutes in tli(i cell sap of the root hair is greater than in the soil 
solution. Under this condition, the movement of water is from the soil 
into the root hair, and tliis movement of water tends to go on just as 
long as the concentration within the root hair exceeds that of the soil 
solution outside the hair. The rate of movement of water inward 
depends upon the relatives concentration of the two solutions, and this 
rate tends to decrease as th(i concentrations of the two solutions become 
more nearly equal. Wat(‘r is, however, constantly being withdrawn 
from root-hair cells to the outermost cells of the (‘ortex and thus the 
concentration of the cell sap of the root hairs rc‘mains fairly constant. 

Water in the Soil. — Soil is a granular material largely consisting of 
minute particles of rock of irregular shape together with fragments of 
organic material of plant or animal origin. On account of the varying 
size and irrcjgular form of the soil particles there are many spaces 
between the particles. The size of these spaces or pores varies greatly. 
If the soil is very dry most of the pores arc almost completely filled with 
air, but when there is a heavy rain the air is forced out of all the spaces, 
large and small, between the soil particles and they become filled with 
water. After the rain stops part of the water in the pores is soon carried 
downward by gravity and is replaced by air. (This is of advantage 
to plants, for most plants can not secure enough oxygen for the 
respiration of their roots and accordingly soon die if all of the pores 
of the soil are filled with water.) A considerable amount of water is 
still held by capillarity in the pores. It is this condition of the soil 
when the pores are partly filled with air which is favorable for the 
growth of most plants. 

When roots continue to absorb water from the soil the moisture 
content may be reduced to a degree at which it is difficult for the plant 
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to secure more water and, if no more water is added to the soil, the 
roots are finally unable to overcome the force of capillarity. 

Before this point is reached the quantity of water being absorbed 
may have become less than that which the plant is losing by transpira- 
tion, and the plant shows evidence of wilting. The condition of such 
a plant is called temporary wilting, for absorption has not ceased entirely 
and the plant may recover its turgor if transpiration is reduced as it is 
at night when the air becomes cooler and more humid. 

As transpiration continues a stage of wilting is reached at which the 
plant will not recover, even though placed in a saturated atmosphere, 
unless water is added to the 
soil. The plant is now in a 
condition of permanent wilting. 

Thus temporary wilting is 
a condition from which the 
plant may recover if transpira- 
tion is greatly reduced whereas 
recovery from permanent wilt- 
ing is possible only if more 
water is added to the soil. 

A wide range of moisture 
content of the soil appears to 
be equally favorable to the 
growth of plants. As long as 
the soil is not saturated and is 
not so dry that it is approaching 
the condition which would pro- 
duce permanent wilting, the 
moisture conditions are suitable for active growth. In other words, 
within this range there seems to be no optimum moisture content. 

Absorption of Inorganic Salts. — I^iand plants derive their inorganic 
salts from the soil. Among the inorganic salts which occur in the soil, 
the chief ones used by green plants are nitrates, phosphates, and 
sulphates. Green plants derive nitrogen principally from nitrates; 
phosphorus from phosphates; and sulphur from sulphates; and the 
essential metallic elements, potassium, calcium, magnesium, and iron, 
are chiefly derived from nitrates, sulphates, and phosphates of these 
metallic elements in the soil. These salts can enter the plant from the 
soil only when they are in solution. The cytoplasmic membranes are 
permeable to them. 

It is important to keep in mind, however, that under similar condi- 
tions the different inorganic salts move into the plant independent of the 



Fig. 130.~Diagram showing a root hair, h, 
which is an outgrowth of the epidermal 
cell, €j and which has grown between the 
soil particles, a, ^ water surface, 5 air 
spaces. Water indicated by parallel 
curv'od lines, soil particles by shading with 
straight lines. (After Sachs.) 
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passage of each other and of water. A plant that absorbs twice as 
much water as another plant does not necessarily absorb twice as great 
a quantity of inorganic salts or of any particular salt. As to the con- 
ditions governing the entrance of any particular solute into the plant, 
see the discussion on page 73. 

We may picture the process of absorption by root hairs as one in 
which the molecules of water and the dissolved particles of many dif- 
ferent salts are independently diffusing through cytoplasmic membranes 
of the root hair at varying rates. 

Whereas many soluble substances may pass from the soil through 
the cytoplasmic membrane into the root, it should be pointed out that 
water and carbon dioxide are the only substances in the cell sap of the 
root hairs which pass into the soil in large amounts. It should be 
stated that there is evidence that in the normal activity of roots signi- 
ficant amounts of nutrient elements arc liberated into the soil or solu- 
tion culture. The supposition that under certain circumstances sugar 
in the beet root, for example, passes from the root into the soil is not 
correct. The percentage of sugar in the root may fluctuate as a result 
of changes in the quantity of water present, but normally the total 
quantity of sugar in the root does not decrease appreciably except when 
it is drawn upon for the growth of the shoot, or used up in respiration. 

On the other hand, movement of carbon dioxide (produced by 
respiration) from the roots into the soil can easily be demonstrated. 
It unites chemically with water to form carbonic acid (H2CO3), which 
aids in dissolving certain mineral inorganic compounds which are dif- 
ficultly soluble in water. 

Absorption and Conduction by Roots. — Water and inorganic salts 
absorbed by the root hair cells pass into adjoining cortex cells and thence 
inward through cells of the inner cortex, endodermis, and pericycle to 
the conducting elements of the xylem. Although water, as was men- 
tioned on page 73, apparently moves into the xylem of absorbing roots 
along a gradient from a region where water molecules are abundant (the 
soil solution) to a region of less abundance (the xylem sap), solutes must 
move against a concentration gradient in entering the root. Experi- 
ments show that solutes (potassium ions, for instance) pass from a 
region of low concentration (the soil solution) through a region of rela- 
tively high concentration (the root hairs and cortex cells) into a solution 
(the xylem sap) of intermediate concentration. Energy is expended in 
the initial accumulation by cells of the outer region of the root. 

Movement of solutes from the cortical cells containing sap of high 
concentration into the xylem vessels, where the sap is less concentrated, 
apparently takes place by diffusion accelerated by protoplasmic stream- 
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ing, since the linear rate of movement is not high. The exact mechanism 
by which the solutes are released from 
living cells into the sap of the non-living 
xylem vessels is not known. Either a 
secretion of some sort or a gradient in 
cell activity is involved. Root structure 
indicate that cells outside the endodermis 
have readily accessible oxygen whereas 
cells of the^stele have a restricted suj)ply. 

Carbon dioxide produced by respiration 
ir the outer cells tends to acc^ulate 
and to pass through the living regions 
of th^ stele. It seems logical that this 
oxygen-C02 relation should cause a gradi- 
ent in the' activity of the root cells and 
this, in turn, would be reflected in absorp- 
tion of solutes by tJ:ie cortex and release 
within the stele. It is interesting to note 
that, in the absorbing region of the root, 
the phloem do('s not lie outside the xylem 
but oc-curs in groups of cells which alternate 
rndially with xylem masses or with the radiating arms of a single 
central mass of xylem. Hence, it is possible for the water and 



Fig. 131. — The aerial or “prop’ 
roots of corn (Zea mays). 



Fig. 132. — Beach grass (Anminphila arennria), a sand-binding plant, growing on 
dunes near the seashore. (From j)hotograph hy Alassart.) 
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dissolved salts released within the stele to reach the xylem and 
pass upward without passing across the phloem. This dilute solution 
of water and salts which enters and moves upward through the 



Fig. 133 .— Soil erosion. In the upper photograph there is shown a slope from which 
the native vegetation has been removed, resulting in serious erosion of the soil. 
In the lower photograph a slope subject to soU erosion has been strip-planted to 
crops. The roots of tnese crop plants are effective in binding the soil and thus 
preventing washing from the slope. 
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conducting elements of the xylem to the stems and leaves is called 
xylem sap. If it is forced out of the cut xylem from a root system under 
root pressure, it is termed xylem exudate. If it passes upward through 
the plant under tlie influence of transpirational pull, it is called the 
transpiration stream. 

Anchorage by Roots. — The roots of a plant are very effective anchor- 
age organs. In most plants all roots perform the triple role of absorp- 



Fia. 134. — Indian banyan {Ficus indica). The horizontal branches of this tree may 
send out aerial roots which grow downward, become attached to the soil, and 
serve as “i)r()ps’' as well as absorbing organs. 


tion, conduction, and anchorage. The hold which roots have on the soil 
is well shown in sand dunes, where the sand is constantly shifting except 
where it is held in place by the roots of plants growing in the sand 
(Fig. 132 ). The erosion of hilly land, either by wind or water, or of 
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ditch banks, levees, or other steep slopes may be effectively prevented by 
the roots of soil-binding plants. The efficiency of roots as soil-binders 
is realized when we consider the enormous area of possible soil (contact. 
Recently, a worker made a quantitative study of the number, length, and 
total exposed surface area of the roots and root hairs of one rye plant. 
This plant had 13,815,762 roots and over 14 billion root hairs, the com- 
bined surface area of which was 6875.4 square feet. In this one rye 
plant, the combined length of all its roots was 387 miles. 

Storage by Roots. — The roots of many plants store food and water. 
Such roots may become large and fleshy, familiar examples being the 



Fig. 135.- -Large quantities of food are stored in the roots of the sweet potato 

{Ipornoea batatas), 

sugar beet, turnip, dahlia, carrot, and sweet potato. Many plants 
with fleshy roots are cultivated for their roots alone and are called 
“root crops.” Sugar and starch are the principal forms of food stored 
in such roots. The sugar beet, for example, contains approximately 15 
to 20 per cent of cane sugar. The sweet potato, turnip, parsnip, and 
many other fleshy roots have considerable quantities of stored starch. 
Among our native plants the most striking examples of fleshy-rooted 
plants occur in arid regions. Such roots generally contain a large 
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quantity of stored water which can be used by the leafy shoot during 
periods of drought. 

The roots of perennial plants store large quantities of food even 
when they are not greatly enlarged and fleshy. For example, both 
large and small roots of fruit trees are very rich in stored food, and clover 
and alfalfa roots contain large quantities of starch. 

Reproduction by Means of Roots.— Some plants send up stems 
(so-called “suckers”) from adventitious buds which arise on the roots. 
This habit is well illustrated by the silver leaf poplar {Populus alha) 
and black locust {Robinia pseMdacacia). It is of great agricultural 
importance in many weeds such as wild morning glory [Convolvulus 
amnsis), Canada thistle [Cirsium arvense) and spurge [Euphorbia 
esula). Plants whicli do not normally produce adventitious root buds 
may be induced to do so by injury. For example, if the shoots of such 
plants as red raspl)crry, some roses, and common barberry [Berberis 
vulgaris) are entirely cut away, the roots send forth ik'w stems. This 
ability of the roots of some i)lants to produce adventitious buds is made 
us(! of in tlu; propagation of certain economic plant.s. Ros(!s, rasp- 
berries, some blackl)erries, and a number of other plants are frequently 
propagated by root cuttings. 
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THE LEAF 

Since they make the food of the plant, the leaves may be said to be 
the most important of the vegetative organs, the stem merely serving 
to support them and to conduct to them the water and salts absorbed 
by the root. 

As to form and position, the leaf may be described as an expanded, 
lateral outgrowth of the stem, arising at a node, and having a bud in 
its axil. The principal physiological characteristic of typical leaves is 
their special adaptation for the func- 
tion of photosynthesis and transpiration. 

There are, however, structures such as 
bud scales and the spines and tendrils of 
some plants which do not resemble 
typical leaves or perform the typical 
functions of leaves, but because they 
are found at nodes, have buds in their 
axils, or for other reasons, they can be 
recognized as foliar (leafy) in nature. 

EXTERNAL MORPHOLOGY OF THE 
FOLIAGE LEAF 

A typical leaf consists of two prin- 
cipal parts: the expanded leaf blade 
or lamina and the slender stalk or 
petiole. Where the petiole is attached 
to the stem it is often considerably 
broadened but in many cases this leaf 
base is not conspicuous. Frequently 
there are outgrowths, sometimes leaf- 
like, known as stipules, from either 136.— A portion of a stem of 

•J 1 iri, mu 11- pimpernel (AnngaMis), showing 

Side of the leaf base. They are lackmg the sessile leaves. 

in many plants, whereas in others they 

fall off soon after the leaves come out of the bud. Some leaves have 
no petioles and are said to be sessile (Fig. 136). 
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The Leaf Blade. — The form of the leaf blade is such as to provide 
a large surface for the absorption of the light energy and carbon dioxide 
needed in photosynthesis. On account of the thinness of the leaf blade, 
none of the cells lie far from the surface. This facilitates the absorp- 
tion of carbon dioxide by the green cells inside the leaf. This thin 



137. — A branch of European linden, Tilia euro'paeaj its leaves forming a mosaic. 


sheet of leaf tissue is strengthened by the midrib and v^ins, which also 
serve to conduct raw materials throughout the leaf and to carry away 
the food which the green cells manufacture. 

The Petiole. — The petiole connects the blade, which is the essential 
part of the leaf, with the stem, and conducts materials to and from 
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the leaf blade. It is responsible for maintaining the blade in the posi- 
tion most favorable for the performance of its functions. The peti- 
oles of many plants are able to increase in length and to bend and 
twist so that the leaf blades are brought by phototropic movements 
into the position of most favorable illumination regardless of whether 
the stem to which they are attached is perpendicular, oblique, or 
horizontal. The resulting arrangement is often such as practically to 
eliminate any shading of one leaf by others of the same plant. In such 
cases the leaves are frequently so fitted into the spaces between oik? 
another as to form a leaf mosaic (Fig. 137). 

In some plants th(' stem is partly or completely en circl'd by the? 
leaf base, as in many members of the carrot family (Umbelliferae), and 

in many monocotyledons the leaf base 
forms a long shciath which surrounds 
the stem. In the grasses (Grainineae) 
in certain of the Musaceae, to which 
the banana belongs, and in some other 
monocotyledons, these sheaths protect 
the stem at the base of th(? iiiteriiodes 
where its tissue long remains soft and 
capable of growth. In young grasses 
and in the banana, these sheathing leaf 
bas(?s ar(' principally r(?sponsible for the 
mechanical strength of the shoot. 

Stipules . — When these structures 
are present they may server various 
functions. In some? plants, such as fig 
(Ficus) and the tulip tree (Lmodendron)^ 
each bud is enclosed and protc^cted by 
the stipules of the nearest leaf. Ofk'ii 
stipules arc large and closely resemble? the leaf bladt's and share the? 
functions of the blade. In Lathyrus aphaca the stipules have 
taken over entirely the? typical functions of the blade, which itself 
is reduced to a branched tendril. In the black locust (Robin ia), 
and in certain species of spurge (Euphorbia), Lnc'y form spines, and in 
some species of srnilax, t(?ndrils. 

Venation. — There are two principal typ(?s of arrangement of veins: 
parallel venation and net venation (Fig. 139). In parallel-veined l(‘av(?s, 
the veins that are cl(?arly visible to the unaided eye run jiarallel to (‘ach 
other and to the margin. This kind of venation is characteristic of the 
monocotyledons. The parallel veins may run lengthwise of the leaf, as 
in the grasses, converging somewhat at the base of the blade and at the 



Fig. 138. — Portion of a twig 
of plane-tree (Platanus) be- 
fore (at right), and at the 
time of leaf fall, showing 
how the axillary bud is nro- 
tc(?ted by the leaf base which 
surrounds it. 



EXTERNAL MORPHOLOGY OF THE FOLIAGE LEAF 


183 


tip; or they may be directed outward from the midrib to the margin 
of the leaf, as in the banana {Musa), When a parallel-veined leaf is 
examined with a lens it can be seen that small veinlets connect the 



Fig. 139. — The two principal types of veining. A, Net veining as illustrated by the 
leaf of violet {Viola)] B, parallel veining illustrated by the leaf of one of the 
bamboos. {Arundinaria.) 


parallel veins. If the veins that are visibh' to the naked eye branch 
frequently and join again, so that they form a network, the leaf is said 
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to be net-veined. The leaves of dicotyledons have this type of 
venation but it rarely occurs among monocotyledons. 

Net-veined leaves that have a single primary vein or midrib from 
which the smaller veins branch off, somewhat like the divisions of a 
feather, are pinnately veined. Common examples of pinnately veined 
leaves are the willow (Salix), the beech (Fagjis), the apple {Malus)^ 
the oak {Quercus), and the hlac {Syringa). When there are several 
principal veins spreading out from the upper end of the petiole the leaf 
is said to be palmately veined. Among the many plants having palm- 
ately veined leaves are the maple {Acer)^ the geranium {Pelargonium) ^ 
grape {Viiis)^ and pumpkin {CucAirhita) . 

Form of the Leaf Blade. — Leaves are said to be simple when, as in 
most plants, the blade is all in one piece (Fig. 140). Simple leaves fre- 
quently have the blade made up of a number of lobes separated by deep 



Fig. 140. — Simj)le leaf of pear, showing stijmles. 

clefts or sinuses. Familiar (‘xainples of simple lobed leaves an' maple 
(Acer)j sycamore {Plaianu,^)^ and most species of the oak {Quercua). Th(‘ 
sinuses of pinnately veined, lobed leaves an' always din'cted toward 
the midrib. In such cases the Ic'aves are said to b(' pinnately lobed 
(Fig. 141, B). Lobed leaves which are palrnaU'ly vcimnl are alwa 3 \s 
palmately lobed (Fig. 141, C), the sinuses being directed toward the bas(j 
of the blade when it is attached to the petiole. Oak knaves are pinnately 
lobed and maple leaves palmately lobed. 

In many plants, such as most ferns, the potato {Solarium tuberosum), 
beans {Phaseolus), jx^as {Pisum), clover {Trifolium), and the horse 
chestnut or buckeye {Aescuhis), the leaf blade is made up of a number of 
s(*parate leaf-like parts, or leaflets. Such a leaf is said to be compound 
(Fig. 141, E). Wlien, as in the horse chestnut and clover, the leaflets 
are attached directly to the (md of the petiole, the leaves are said to bo 
palmately compound (Fig. 141, D). If the petiole is extended into a 
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long slender structure, the rachis, corresponding to the midrib of an 
entire leaf, and if the leaflets arise at intervals along this structure, the 
leaf is pinnately compound (Fig. 142). The leaves of the pea, the black- 
berry {Ruhuii)j most ferns, and the potato are of this type. It is not 
always easy to distinguish a pinnately compound leaf from a leafy stem. 
The lack of a terminal bud, and the absence of lateral buds from the 




Fio. — A, The simple, pinnately veined leaf of a plum {Prunys); B, the pinnately 

lobed, and pinnately veined leaf of an oak (Quercus); 0, the palnuitely lobed 
and palmately veined leaf of a maple (Acer); D, the palrnately compound leaf 
of wood-sorrel (Oxalis); E, the pinnately compound leaf of walnut {Juglaris). 

axils of the leaflets, are sufficient to prove that a structure whose nature 
is in question is a compound leaf and not a leafy stem. Compound 
leaves arc rarely met with in the monocotyledons. 

The edge (margin) of the leaf may be smooth, as in most grasses, in 
onion {Allium) ^ and in many other plants, or it may be variously toothed, 
as in the oak, rose, apple, cherry, etc. In the latter case the teeth may 
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lamina are dependent upon the mode of growth and specialization of the 
cells in the original mcristematic layers. 

ANATOMY OF THE LEAF 

A microscopic examination of a transverse section of a typical adult 
lamina shows three i)rincipal systems of tissues, viz.: (1) the epidermis, 
(2) the mesophyll, and (3) the vascular bundles or veins (Figs. 146 and 
147). The epidermis covers the whole leaf surface and protects the 
tissues within from mechanical injury and drying out. The mesophyll 
is mad(^ up of parenchyma cells, most or all of wdiich are green and able 
to carry on photosynthesis. The vascular bundle's, or veins, consist of 
conducting elements for the transfer of water and inorganic salts and 



Fig. 144. — Photomicrograph of transverse section of two pairs of young foliage leaves 
of lilac {Syringa vulgaris L.), showing the marginal meristem and the general 
features of the meristematic cell layers of the lamina from which the epidermis, 
mesophyll, and veins differentiate. (After Foster.) 

of foods. In the larger veins there are groups of fibers which help to 
give rigidity to the leaf. 

The Epidermis. — The total area of the leaves makes up a very 
large part of the plant surface which is exposed to the air. On this 
account the ability of the epidermis of the leaf to retard transpiration is 
of the utmost importance to the plant. Plants living in a habitat where 
the water available for absorption by the roots is limited, and where the 
dryness of the atmosphere favors rapid transpiration, are prevented 
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Fig. 145 — A squash loaf {A) young and (B) after it has grown to maturity. When 
the leal was in the condition shown in A, it was marked into squares of equal 
8iz(‘. Note in B tiiat all siiuares have increased in size, but that certain of them 
hav(i increased more than others. 



Lower Epidermis 


Spongy Parenchyma 

Midrib 


Fig. 146. — Diagram of a cross section of a typical foliage leaf. 
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from dying of water shortage only by the ability of the epidermis to 
keep the rate of water loss below that of water absorption. 

The kjaf epidermis of many plants may be stripped off with little 
difficulty. It is generally easier to remove it from the under side than 
from the upper side of the leaf. This is due to the fact that the meso- 
phyll of the lower half of the leaf is a very loose parenchyma with many 
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Fig. 147. — A cross section of a portion of a leaf of potato {Solarium tuberosum). 
Kxcei)t for the chloroj)lasts none of the cell contents have been shown. Some of 
the cells of the palisade and spongy parenchyma have been shown in section, 
others in surface view. 


intercellular spaces and therefore with fewer points of attachment to the 
epidermis than the compact parenchyma which lies below the upper 
epidermis. 

When a piece of epid('rmis from the lower side of a leaf is examined 
under the microscope it is found to be made up of two kinds of cells, 
ordinary epidermal cells and guard cells. As seen in surface view, the 
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ordinary epidermal cells of the leaves of dicotyledons generally have a 
wavy outline (Fig. 148). In these plants they are about as broad as 
they arc long, but in the grasses, and many other monocotyledons hav- 
ing long, narrow loaves, they are elongated in the direction of the long 
axis of the leaf and regular in outline. In leaf cross sections it can be 
seen that the depth of the ordinary epidermal cells is considerably less 
than their breadth or length (Fig. 147). Chloroplasts are usually 
absent from these cells. The outer wall of ordinary epidermal cells 
generally averages between 0.003 and 0.004 milhmetcr in thickness, but 
it gives v(*ry (effective protection against mechanical injury not only 
by reason of its toughness but also because of the support given it by 
the radial walls. It has been computed that beneath a square milli- 



Fig. 148. — Surfneo view of ihe epidermis of a typical foliage leaf. A, From the iii>ptT 
surface of the leaf; from the lower surface. The cytoplasm of the cells lias 
not been shown. 


meter of the outer epidermal wall of the leaves of many common plants 
IIhu’C’ are more than 2000 radial walls. These oppose the penetration of 
the epidermis by any object not having an exceedingly sharp point. 
The cuticle of the k'af e})idermis, like that of the epidermis of the stem, 
is made up almost entindy of the waxy substance, cutin, which is very 
iinpt'rmeable to water and to water vapor or other gases. The wall 
layer below the cuticle is, in man}" plants, made up of both cellulose and 
cutin and is then spoken of as the cutinized layer. ,The innermost 
part of the' outer wall and all of the other walls of the epidermal cells 
are almost pure cellulose (see Fig. 150). 

The protoplasts of the epidermal cells are long-lived; they do not 
die until just before the leaf falls. The cytoplasm forms a very thin 
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layer surrounding a large vacuole, and the nucleus and nucleolus are 
often very conspicuous. 



Fio. 149. — view showing in detail a small portion of the epidermis from the lower 

surface of a typical leaf. 



Fig. 150 . — A portion of a cross section of a foliai^e leaf showini? a stoma and a few 
of the neighboring cells. (Redrawn after Kuy.) 

Guard Cells and Stomata. — Scattered among the ordinary epidermal 
cells of the lower epidermis, and sometimes of the upper epidermis also, 
are the guard cells. These occur in pairs, and when seen in surface 
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view appear broadly crescent-shaped or almost semicircular in form 
(Fig. 149). The more or less concave sides of the guard cells are 
turned toward each other, and between them there is an opening or 
pore which leads from the outside into an air chamber in the mesophyll. 
This opening between the guard cells is the stoma (plural, stomata). 
The cuticle of the leaf is generally very impermeable to oxygen and 
carbon dioxide and to water vapor. The passage of these three gases 
into or out of the leaf takes place very largely through stomata. 

By means of a very simple experiment, it is possible to show how very imperme- 
able to water vapor the cuticle may be and with what readiness water is lost through 
the stomata. The tropical Ficus elasticay or rubber i)lant, which is a common 
house plant, has leavers which servo well for this experiment, for the cuticle is thick 
and the stomata are all found on the under side of the lc‘aves. The leaves of several 
sjx'cies of magnolia will serve ecpially well. If two similar leaves arc removed and 
one is smeared with vast'lirie on the upj)er surface and the other on the lower sur- 
face, the former will begin to shrivel and dry up after a few days' exposure to the 
dry air of the laboratory, while the leaf whose low(^r surface has been smeared with 
vaseline will remain almost normal in appearance for ucu'ks. This dilTc'rence is 
due to the fact that the smearing of the under surfa(;o seals up the stomata so that 
little water is lost from the leaf, on aceount of the water])ro()f nature of the con- 
tinuous cuticle of th(‘ upper epidermis, while covering the upper leaf surface with 
vaseline is almost without, effect upon the already very low rate of water loss through 
the cuticle, but leaves the water in the 
leaf tissues free to pass out through the 
stomata of the lower epidermis. 

The guard cells have numerous, 
conspicuous chloroplasis. In cross 
S('ctions of the leav('S of many 
kinds of plants it can be seen that 
the guard cell walls adjacent to 
the stoma are of greater average 
thickness than elsewhere. There 
may also be observed ridge-like 
outgrowths from the walls of the 
guard cells, which form a chamber, 
outside the stoma proper (Fig. 

152). Sometimes this “ vestibule ” has only a narrow, slit-like opening 
to the outside. In xerophytic plants the ordinary ejiidermal C(dls may 
overlap the guard cells so that the stoma and guard cejls an^ depressed 
below the general surface of the epidermis. Plants growing in very 
moist habitats may, on the other hand, have the stomata raised above 
the surrounding epidermal cells (Fig. 153). 



Fio. 151. — Diagram showing a typical 
stoma and adjoining epidermal cells 
as seen in surface view and in cross 
section. 
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Control of Stomata by the Guard Cells. — The guard cells are able to 
open and close the stomata. Thus they regulate the entrance and exit 
of gases. The opening and closing of the stomata by the guard cells 
depend upon changes in the turgor of these cells. When the turgor of 
the guard cells becomes greater than that of the adjacent cells, the 
stomata are opened ; when it is equal to that of the neighboring cells or 
when excessive water loss greatly reduces the turgor of all the living 
cells of the leaf, the stomata are closed. Illumination of the guard cells 
increases the concentration of sugar in their cell sap. This is generally 
assumed to be due to photosynthesis by the illuminated chloroplasts. 



Fig. 152. — Depressed stomii of Ilakea suaveolens. (In part after Haberlandt.) 

However, in some cases at least, it seems to be caused also by a change 
in the acidity of the sap of these cells which in turn favors t,he digestion 
of the starch in the guard cells to sugar. In either case the sugar con- 
tent of the sap of these cells increases. This sugar raisers the concen- 
tration of the cell sap above that of the cell sap of the surrounding 
ordinary epidermal cells which are without chloroplasts or contain only 
a few small ones. As a result, the guard cells withdraw water from 
the ordinary epidermal cells and their turgor increases while the turgor 
of the surrounding cells decreases. 

The way in which increased turgor of the guard cells brings about 
the opening of the stoma differs in different species, but in one of the 
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commonest and simplest cases, the walls farthest from the stoma, 
having less average thickness than those next to it, stretch and bulge 
outward, drawing with them the walls adjacent to the stoma. The 
displacement of the walls bordering on 
the stoma is much less than that of the 
thin walls farthest from it but is still 
sufficient, to leave a clear passage be- 
tween the guard cells. At night or when 
the Ic'af is strongly shaded, the concen- 
tration of sugar in the guard cells 


Fig. 153. Fig. 154 . 

Fig. 153. — Rais(;d stoiua from the fruit stalk of pumpkin iCurcurhiia pepo). (After 

Haberlandt.) 

ViG. 154. — Diaf^ram of a model illustrating the manner in which the stoma is opened 
when the turgor of the guard cells increascjs. The short, glass U-tube at the 
top IS connected to the Y-tube, also of glass, by two pieces of rubber tubing. 
The inner (adjacent) walls of these two pieces of tubing are made thicker than 
their outer walls. The thicker portions of the walls of the rubber tubing corre- 
spona t,o the guard cell wails next the stoma, whereas the thinner portions of the 
walls of the rubber tubing correspond to the guard cell walls farthest from the 
stoma. If water or air arc forced under pressure into the Y-tube and the rubber 
tubing thus subjected to internal pressure, the greater extensibility of the thin, 
outer walls causes them to take the position shown by the outer dotted lines in 
the diagram. As the result of this bulging of the outer walls of the rubber tubes 
the inner, thick walls are drawn apart as shown. Thus, under pressure from 
within the tubes, the space between the tubes is widened, corresponding to the 
opening of the stoma. When the pressure is reduced the inner walls tend to 
return to their original position, narrowing the opening between them, as when 
the stoma is closed by the guard cells. 

becomes less, probably because part of the sugar is changed to starch. 
As a result the differences in concentration of the cell sap which cause 
the opening of the stoma no longer exist. The stretched walls of the 
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guard cells shorten, and the stoma is closed. If a leaf with open 
stomata is placed in a solution of higher concentration than the cell 
sap of the guard cells, or if it is takem suddenly from a very moist 
aimosph(‘r(^ to a ver}" dry one, the stomata, as a result of water being 
withdrawn from the guard cells, may close even though the leaf is 
brightly illuminated. The accompanying figure (Fig. 154) shows a 



Fig. 155. — Several types of epidermal hairs. A, hranehed liair of false mallow 
{Malvaslrurn), this hair is attached to the leaf by a short stalk not shown in the 
drawiiif^. B, scalc'-like stellate hair of Eleag?ius, its centrally attached stalk not 
shown. (\ pointed, unicellular hair of shepherd’s purse {C a paella). /), a pointed 
multicellular and a capitate, glandular hair of geranium {Pelargonium). 


model of a stoma and guard cells of the simple type previously 
describ(‘d. 

We may summarize the above discussion as follows: the stomata 
open when the turgor of the guard cell rises ; increased turgor of the 
guard C(dls is due to an inertiase in the concentration of their cell sap 
which enables them to absorb water from neighboring cells; increased 
concentration of the cell sap is due to an accumulation of sugar in the 
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guard cells; sugar accumulates when the guard cells are illuminated or 
when a change in the acidity of the guard cell sap favors the digestion 
of starch to sugar. The stomata close when the turgor of the guard 



Fig. 156. — Leaf dimorphism in Eucah/ptus. The branch to the left shows the sessile, 
dorsiventral, opposite, juvenile type of leaf, found on seedlings, very young 
plants, and suckers. The branch to the right shows the stalked, pendent, alter- 
nate isobilateral adult type found on older ])lants except where they have been 
(!ut back. 

cells falls; decreas(»d turgor of guard cells is due to a decrease in the 
concentration of th(dr sap which lowers their powcT to absorb water 
from adjacent ctdls; decreased concentrat ion of the sap of guard cells 
chiefly results from the change of sugar to starch which is insoluble. 
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Epidermal Hairs. — Many leaves have hairs which grow out from the 
epidermis. The simplest of these hairs are mere extensions of epidermal 
cells, the hair and the epidermal cell being in such cases a single cell. 
Multicellular epidermal hairs such as are found on the leaves and stems 
of geranium and squash plants and which consist of a single filamc^nt 
of cells which decrease in diameter from the base to the apex, are much 
more common than are unicellular hairs. Both unicellular and multi- 
cellular hairs may b(^ branched. Glandular hairs such as occur in the 
Chinese primrose {Primula sinensis) and various plants of the Cucur- 
bitaceae (squash family) bear at the upper end a rounded head which 
may consist of a single large cell or of a group of cells, and which often 
excretes an ethereal oil. The excretion from these glandular hairs 
frequentl}^ very viscid and sticky as in the tarweeds {Madia and Hcrm- 
zonia) and tobacco {Nicotiana). 

The Mesophyll. — The upper and lower surfaces of t 3 ^pical foliage 
leaves are usually distinctly different in appearance'. The upper sur- 
face is generally darker than the lower, and the larger veins which 
l^roject out from the surface on the unde'r side an*, on the uppc'r side, 
even with the leaf surface or depressed below it. Leavers with such 
differences between the two sides are calk'd dorsiventral leaves or 
bifacial leaves (Fig. 147). Ix'aves which are h(*ld in a horizontal or 
oblique position by the jx^tiole arc generalh^ of the dorsiventral t.viK*. 
In the adult type leaf in Eucalyptus and most oth('r leaves which hang 
perpendicularly downward or are held erect, and are thc'nTore equally 
illuminated on lx)th sides, the two surface's are generally similar. Such 
knaves are called isobilateral leaves. 

The mesophyll of typical dorsiventral k*av(‘S is inadf' u]i of two 
principal kinds of tissue*: the* palisade parenchyma anel the* spongy 
parenchyma. The palisade parenchyma consists e)f from one te) se've'ral 
layers e)f elongated ce'lls })lace'el with their long axe*s at right angles 
to the leaf surface. This tissue extends ele)wnward frenn the uppe‘r 
epidermis to the spongy parenchyma. The latter tissue forms the lowt'r 
portion, often somewhat mon* than half, of the mesophyll. The spongy 
parenchyma cells are not elongated like the* palisade cc'lls. Tlu'ir form 
and arrangement are such that num(*rous large* inte'rcellular sf)ac(^s exist 
between them. The c('lls of both i)alisade and spongy panmehy^ma 
contain chloroplasts and because of their gr(*('n color arc* sometimc's 
spoke'll of as chlorenchyma. 

The Palisade Parenchyma. — Although this tissue* is much more 
compact than the spemgy pare'nchyma, interce'llular space's are by no 
means abs(*nt,. These spaces are smaller than those* e)f tlie* spongy 
parenchyuna but they are se> elistributf'ei that, e've'ry- ])alisaek' cell is in 
contact with an intercellular space, and each such si)ace communicates 
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with the system cf connecting intercellular spaces in the spongy paren- 
chyma. Thus there is provision for the free access of carbon dioxide 
and oxygon to all the food-making colls of the mesophyll. On account 
of th(dr position the palisade cells receive more illumination than the 
spongy parenchyma cells. They are more abundantly provided with 
chloroplasts than are the latter cells. It has been estimated that the 



Fig. 1S7. — A sect ion cut parallel to the leaf surface anti through the s])onf;y paren- 
chyma. The free ends of several voinlets arc shown as well as the relation of 
parenchyma ctdls to the finest veins. The tracheids are the spiral type. 

palisade ctdls of 1 square millimeter of the leaf of the 'castor-oil plant 
(liicinus communis) contain over 403,000 chloroplasts, while there are 
only about 92,000 in the spongy parenchyma cells of the same area. 
The deeper green of the upper surface of most dorsiventral leaves is due 
to the greater number of chloroplasts and the smaller number and size 
of the intercellular spaces of the palisade tissue as compared with those 
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of the spongy parenchyma. In isobilateral leaves palisade parenchyma 
is generally found on both sides, there being frequently a layer of spongy 
parenchyma between the two layers of palisade tissue. 

The Spongy Parenchyma. — In most leaves the number of stomai a 
in a given area is greater on the lower than on the upper sid(^, and in 
many plants there are no stomata whatever on the upper side. In 
such leaves the supply of carbon dioxide to the palisade cedis during 
periods of active photos^mthesis would be insufficient were it not for the 
loose nature of the spongy parenchyma. The light which Reaches the^ 
spongy parenchyma cells is much Iciss intense than that which falls upon 
the palisade t issue, for the former are shaded by the palisade parenchyma 
above them and the light which reach(‘s the l('af from below is, of 
course, much weaker than that which falls upon the upper surface. 



Fig. 158. — A j)ortion of a skeletonized leaf,” all the tissues of whieh, except the 
v.'iscular bundles, liav'^e l)een removed by decay, leaving; the system of veins. 
The mieroseo])ic “endinj^s” of the bundles und a few of the larger veinlets have; 
been lost. 


The Vascular Bundles. — It is easy to demonstrate that conduction, 
at least of wa1(*r, is carried on by the veins of th(‘ h'af. This can be 
shown by placing a leafy shoot in a water solution of some dye such as 
eosin. In a ndativedy short time the veins will be colonel dcM'ply by 
the dye which was present in the water conducled by the vascular 
bundles of the leaf to replace that lost by transpiration from the 
mesophyll. 

When a leaf is examined with a lens it can be seen that, in addition 
to the veins which can b(^ detc'ctcnl by th(i naked (\ye, there are many 
fine branch veins, the finest of which end free, that is, are connected to 
other veins only at one end. There may be as many as 6000 of these 
minute vein endings in a square centimeter of leaf. 

Although the vascular bundles of the pt^tiole and large veins contain 
vessels, tracheids, sieve tubes, and companion cells, the vein endings 
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consist only of tracheids, the vascular bundles being reduced generally 
at the very end to a single tracheid which is usually of the spiral type. 
The vein endings are generally surrounded by one or more layers of 
parenchyma cells usually differing somewhat in form from the cells of 
the spongy palisade parenchyma. These cells, sometimes called border 
parenchyma, often have no chloroplasis. 

Most of the cells of the palisade and spongy parenchyma are some 
distance from th(' n(‘arest sieve tube. Clearly the tracheids which are 
carrying a stream of water upward to the food-making cells can not wcdl 
conduct the products of photosynthesis in the opposite direction. The 
transfer of sugar to the nearest sieve tubes is probably carried on by 
the parenchyma cells surrounding the tracheids of the finest veins and 
the vein endings. When the sugar reaches a part of the vein where 
1 lie re is jihloem tissue, it is conducted by this tissue to the larger veins, 
then to the midrib, and finally to the vascular bundles of the petiole, 
wh(‘r(‘ it. pass('s into the phloem of the stem. 

Tlur mechanical function of supporting the thin exyianded sheet of 
(‘pid(‘rmal and mesophyll tissue is performed principally by the large 


veins and the midrib. In the 
veins wIktc phloem is present 
the phloem occupies the lower 
side of the vascular bundle 
and t he X3 l('m the upper side. 
Croups of collenchyma cells 
or of fibers gimerally accom- 
pany the large vc'ins and in- 
crease their strength and 
rigidity. 

The Petiole. — The petiole 
is sometimes cylindrical in 
form, but often it is flattened 
or giooved on the upper side. 
"J"he vascular tissue of the 
petiole is variously arranged. 
Cftc'n it is not in a complete 
circle (as sc‘cn in transverse 
S(^ction) but in a semicircle or 
C-formed line with the open- 
ing toward th(^ upper side of 



a 


the petiole. As in the vascular Imndles of the leaf blade, the phloem 


occupies tlui lower part of the petiolar bundles and the xylem the upper 


part. Collenchyma and fibers are often present. The form of the 
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petiole and the arrangement of its mechanical tissues are such that it 
forms a relatively rigid support and yet permits the blade to yield to 
strong air currents. 

The Abscission Layer, Leaf Fall, and Leaf Scars. — The conditions 
which favor leaf fall cause cells near the lower end of the leaf stalk to 
become meristematic and to give rise to a zone of delicate, thin-walled 
cells extending clear across the base of the petiole. This is called the 



Fig. 160. — Cross section of the petiole of a sugar beet {Beta vulgaris) leaf. 


abscission layer. The middki lamella of these ccdls becomes changed 
chemically before leaf fall and the cells separate from one another I'asily. 
When the wind, blowing against th(‘ blade of such a k'af, tends to cause 
the petiole to bend, the abscission lay(T is ruptured and the l(‘af becomes 
detached. When the abscission layc^r is formed the conducting el('- 
ments of the vascular bundkis generally remain unafT(^ct(‘d, but th(\y 
are not sufficiently strong to prevent the fall of the leaf. After the leaf 
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has fallen, certain cells just below the abscission layer become lignified 
and sulxirized and form a protective coating over the part of the stem 
from which the leaf has s('parat(^d. These areas, leaf scars, have been 
referred to in an earlier chapter (Fig. 10). Within each leaf scar the 
bundle scars, or broken onda of the vascular bundles which led from the 



Fto. IGl. — A, diagram showinp leaf abscission layer; radial section through twig and 
leaf base in J uolans enurea. B, detail of cc'flular structure of a small part of the 
layi^r three weeks before leaf fall. (From Fames and AlacDaniels, Iiitroduchon 
to Plant Anatovnj, McGraw-Hill Book Omipany ) 


jK'tiole into tlie stern, may be seen. The form of the leaf scar and the 
number and arrang('ment of the bundle scars differ sufficiently in various 
dc'cidiious plants so that they may be used in distinguishing certain 
gentTa and spt'cies in their k'afless winter condition. 


THE PHYSIOLOGY OF THE LEAF 

The primary functions of typical leaves, for wliich they clearly are 
specially adapted in form and structure, are photosynthesis and tran- 
spiration. In certain cases, some of which will be discussed later in 
this chapter, leaves carry on other (secondary) functions. 

Photosynthesis. — The principal feature's of carbohydrate manufac- 
ture by green cells were briefly stated in the chapter on the cell. Here 
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we shall discuss this process more fully, considering the raw materials, 
the energy factor, the by-product, the end-products, and finally the con- 
ditions influencing the rate of photosynthesis. 

Raw Materials. — As we have learned, water and carbon dioxide are 
the raw materials of photosynthesis. The soil is the source of the water, 
and the carbon dioxide is absorbed from the atmosphere surrounding 
the leaves. Though the atmosphere is not absolutely constant in its 
composition, the percentage by volume of its principal components under 
natural conditions seldom varies much from the following figures: 


Per Cent 

Nitrogen 78 03 

Oxj’gen 20 99 

Argon 0 94 

Carbon dioxide 0 03 

Traces of hydrogen, neon, helium, and other gases are present. 

Each of these gases is present, therefore, in the intercellular spaces of 
th(' chlorenchyma, but carbon dioxide and oxygen are thi^ only on(‘S 
absorbed or liberate^d by the plant. If the concentration of ('ither of 
th(\se gases in th(' air within the leaf increases, some of that gas will 

lend to diffuse outward through the stomata. If thcTc^ is a decrc'ase 

in concentration of eitlu'r of thes(‘ gases, that gas will tend to diffuse^ 
inward through the stomata from the air outside* the* l(‘af. All the* gas(*s 
of the atmosjhere are soluble in water, though they differ greatly in 
solubility. Accordingl}" the* surface film of wat(*r on the outside of the* 
palisade and spongy parenchyma cells, where they are in contact with 
an int(*rc(*llular space, as we'll as the cell sap of these cc'lls, contain in 
seflutiem a epianlity e^f each of the atmospheric gases. If carbem dioxide 
or oxygen is be'ing produced in the ce'll the concentration in the ce'll 
sap iricre*ase*s and as a re'sult the concentration of that gas in the surface* 
film anel in the* irite'rce*llular air also increases. Incre'ase* e)f that gas in 
the* air within the* leaf similarly affects its concentraliem in the surface* 
film and cell sap. Ne)w, the process of phe)tosynthe'sis re'inejves carbe)n 
elioxide from solution in the cell sap. As a result there is diffusion of 
that gas inwarel from the surface film of water. The le)ss of carbon 
dioxide from this surface film is fe)llowed by its dissolving more carbon 
dioxide from the intercellular air, which thus has its carbon dioxiele 
content lowered below that of the outsiele atmosphere*. Diffusion e)f 
carbon dioxiele inward through the stomata tends te) make^ up the* 
deficiency. Briefly stated, then, there is, during photosynthesis, a 
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movement of carbon dioxide from the atmosphere outside the leaf to 
the interior of the green cells, and since oxygen is liberated within the 
green cells during photosynthesis it will diffuse outward, finally passing 
through the stomata to the atmosphere outside. 

The water used by the green cells enters the root from the soil 
and is conducted upward through the xylem of the root and stem to the 
leaf. It moves through the xylem of the petiole, midrib, and veins to 
the finest veinlets. Water passes from the trachcids of the veinlets to 
the chlorench^ma cells by reason of the much greater concentration of 
the c(‘ll sap in those cells than of the solution in the tracheids. 

The quantity of carbon dioxide and water absorbed and converted 
into food and tissue by the plant is surprisingly large. A tree of mod- 
erate size may have a dry weight (weight of its tissue after removal of 
all wat('r) of as much as 5000 kilograms (about 5^ tons). This is, of 
course, much less than the total weight of organic matter which the 
tree has i)roduced, for during its life large quantities of organic material 
wer^' oxidized and part of the products (for example, carbon dioxide) lost 
to the plant. 

It has be(m calculated that about 2500 kilograms of the weight of 
such a tn^e consists of carbon, and to secure that quantit}^ of carbon 
the tr(H' must have taken the carbon dioxide from about 16 J million 
cubic meters of air, or a volume 1 kilometer wide, 1 kilometer long, and 
IGv’ meters high (roughly 3300 feet scpiare and 55 feet high). 

l'nd('r conditions very favorable for photosyntlu^sis a sunflow^er leaf 
may absorb carbon dioxide at the rate of 820 cubic centimeters pcT 
S(juare meter of leaf surface per hour. That amount of carbon dioxide 
would be contained in an air column of 1 square' met-er cross section 
and somewhat more than meters high (about 3.2 feet by 3.2 feet by 
8 feet). 

The Energy Factor — Necessity of Light for Photosynthesis . — There 
are sev(*ral interesting methods of showing that light is essential to the 
union of carbon dioxide and w^ater to form carbohydrates. One of 
these d('pends upon the measurement of the dry weight of a given 
area of leaf tissue before and after a period of active photos>mthesis. 
This method was first used by the great botanist, Sachs. Early in 
the morning of a warm sunny day he cut a given area from one-half 
of each of a number of leaves. This tissue he deprived of all of its 
water by heating to 100° C. until it lost no more weight. In the late 
afternoon he cut from th(^ intact halves of the same leaves an area of 
leaf tissiu' ecpial to that which had been taken in the morning. This 
leaf tissue h(i also deprived of its water. Upon comi)aring the dry 
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weights he found that the tissue taken in the evening weighed more than 
that removed from the leaves in the morning. The difference repre- 
sented part, but by no means all, of the material manufactured by the 
leaf tissue during the day, for some of the sugar made was conducted 
away from the leaf and some was lost by respiration. If this experi- 
ment is repeated with plants which are kept in the dark during the 
day there will be no gain in dry weight. The conclusion is inevitable 
that light is essential to the increase in dry weight . Furthermore, it 
can be clearly shown that the increase in dry weight is due to the pro- 
duction of sugar and starch. 

If we assume that the absence of starch in the green cells of the leaf 
is a safe indication that photosynthesis has not taken place, we can 
easily show that photosynthesis will not go on unless light actually falls 
upon the green tissue. It is only necessary to keep a plant in the dark 
until its leaves have become emptied of starch, and then to place it, in 
the light after covering one of its leaves with a mask of opaque paper 
or tinfoil with one or more openings cut in it. After some hours’ 
exposure to light the leaf is removed from the plant, frc'ed of its chloro- 
phyll by means of alcohol, and tn^ated with a solution of iodine. The 
portion of the leaf which was illuminated through the openings in the 
mask will take on the dark blue color which is characteristic of starch 
treated with iodine, while the remainder of the leaf will show no starch 
reaction. 


A most comrlusive and inj^cnious demonstration of the necessity for illumination, 
not merely of the grinm cells but of the chloroplasts themselves, is that devised by 
Engelmaiin. It ri'sls u])ou th(^ fart, already touched upon in the chapter on the 
cell, that oxygen is Iiberat(*d from the cells in which photosynthesis is going on 
Engelmaiin mounted an algal filament (one of the microscojiic threads making uj) 
the green masses often s(‘en growing in fresh-water pools or ponds) in wa(.('T in 
which there w'ere many motile bacteria. Then he sealed the edge of tin*, cov('r 
glass to the slide with grease, so that no oxygen from the atmosphere might, be 
absorbed by the water containing the bacteria and the algal filament. These motile 
bacteria arc able to swim from place to jdace by reason of the rajiid movements 
of their protoplasmic whips, or cilia. The movement of t.he bacteria is dependent on 
the supply of energy derived from their own respiration. Oxygen is necessary for 
respiration, and wlnm the oxygen suiiply in the liquid surrounding thorn has IxMm 
largely exhausted by their own respiration they lose their motility. Furthermore, 
they tend to move toward a region where that, gas is more abundant; that is, tln^y 
are ehemotactic toward oxygen. 

When Engelmann’s preparation of bacteria and of the algal filament (the latter 
consisting of green cells plac,ed end to end) was kept in the dark, the bacteria soon 
came to rest on account, of oxygim shortage resulting from their rijspiration and 
that of the algal cells. However, when light was allowed to fall ujion the filament 
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of green cells, they liberated oxygen and many of the bacteria regained their motility 
and accumulated around the filament. Engelmann was able to project upon the alga 
a spot of light so small that he would at will illuminate a portion either of the chloro- 
plast or of the colorless cytoplasm. 

The bacteria accumulated about the filament only when the chloroplast itself 
was lighted. Engelmann thus showed not only that photosynthesis could not take 
place in the algal cells unless they wore illuminated, but that it was necessary that 
the light actually fall upon the chloroplast itself if photosynthesis were to go on. 

The experiment just described shows that chlorophyll is essential to the process 
of photosynthesis. Another convincing method of demonstrating this is by the use 
of variegated leaves, such as those of certain varieties of geranium {Pelargonium) 



Fig. 102. — A “starch print ” on a terminal leaflet of scarlet runner bean. The plant 
was placed in the dark lor one day. During this time all the starch previously 
produced by photosynthesis had disappeared. The leaflet, still attached to 
the jilant, was then cov(*red with tinfoil, from which the letters of the w^ord, 
March, had been cut. After the leaf had been exposed to moderately intense 
sunlight for several hours it was removed from the plant, killed by placing it in 
boiling water, treated with alcohol to remove the chlorophyll, immersed in e 
solution of iodine, and then washed. Only w’here the light fell iifion the leaf 
tlirough the ojicnings in the “stencil” was starch formed. Iodine stains starch 
blue. Thus the wwd ‘"starch” appeared in dark blue ujxm the white leaf. 
A photographic negative may be used instead of a tinfoil stencil and thus 
portraits or other pictures can be printed upon the leaf. 


and of CoieuSy which have wdiite bands or blotches. If the distribution of the non- 
green areas of such a leaf is carefully noted or sketched, it will be found when the 
leaf is treated with alcohol and then wdth iodine solution, after being exposed for 
some liours to light, that starch has not been formed in the parts when chlorophyll 
is absent.. 


The Energy Factor — Light Energy , — In order to understand the 
role played by chlorophyll in carbohydrate manufacture it is necessary 
to be familiar with some of the elementary facts in regard to the physics 
of that form of energy called light. 
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There is a general agreement that 


c ly s h jF 



Fig. 1G3. — Diagram illustrating Engcl- 
maiin’s experiment demonstrating 
the regions of the spectrum most 
active in photosynthesis. See text 
for an account of this experiment, lii 
this diagram the algal filament is 
shaded to show the portions which 
are lighted the parts of the spec- 
trum most strongly absorbed by 
chlorophyll. The dots represent the 
liacteria which accumulate where 
oxygen is relatively abundant. The 
lettered vertical lines show the posi- 
tion of certain dark lines character- 
istic of the solar spectrum and serve 
here merc'ly to indicate different 
regions of the spectrum. (From Pal- 
ladin, after Engclinann.) 

makes it possible to explain certain o 

other theories. White light Ls made \ 


he energy of an electric current is due to 
electrons, particles of negative electricity 
in active movement, and that the energy 
of a hot body is due to rapid movement 
(with frequent impacts and rebounding) 
of its molecules; but as to the actual nature 
of radiant energy, including light, there 
are two principle 1 heories, neither of which 
offers a satisfactory explanation for all 
the proiierties of light. According to one 
theory, visible light consists of waves or 
vibrations varying in amplitude (wave 
length) but all cai)able of percciption by 
the human ej^e. These waves generally 
originate in some hot body such as tluj sun 
or other stars, the incandescent filament 
of an electric light bulb, or the hot carbon 
particles of a gas or oil flame. Siiic^e light 
can pass through sjmees where there is 
no matter, there has been assumed the 
existence of a medium called “the etluT” 
which is Avithout the characteristic prop- 
erties of matter but exists everywhere and 
is able to transmit light wavcis. The (‘t Ikt 
theory, though no longer accciptc'd by 
many physicists, is the most easil.y imd(T- 
stood of the various theories of light and 
(Tved facts which are not explainatde by 
of ether vibrations or waves of different 



Infra. Red Orange Yellow Green Blue Indigo Violet Ultra 

Red {Concentrated Solution) (Dilute Solution) Violet 

Fig. 164. — Diagram of the absorption spectrum of a chlorophyll solution. The 
numlicrs give the wave length in hundred-tliousandtlis of a millimeter. The 
portion to the right is based on the absorption spectrum of a less concentrated 
solution of chlorophyll than the portion to the left since in a more eonceiit rated 
solution the three broad ab.sorption bands in the blue, indigo and violet a])pear 
as one band. (From Kraus.) 


lengths, ranging from the relatively long waves of red light, through the successively 
shorter waves of orange, yi'llow, and green light to (he very short waves of blue 
and violet, light. Th(» wave lengths of visible light range from about 70/1 00, 660 
of a millimeter in the e.xtremc red thniugh orange, yellow, green, blue and indigo 
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to about 40/100,000 of a millimeter in the extreme violet. By means of a glass 
prism a shaft of white light can be resolved into its component colors. In the 
resulting band of color, which is called the spectrum, the different component colors 
of white light are arranged in the order of their wave length. Beyond the end of 
the visible spectrum at the red end, are still longer waves which our eyes are 
incapable of perceiving. These are spoken of as infra-red lights. Beyond the violet 
end arc shorter waves, also invisible, which are called ultra-violet light. Such 
ether waves of whatever length and whether visible or not are spoken of collectively 
as radiant energy. The term includes the waves, up to hundreds of meters in 
length, by means of which wireless messages arc transmitted, and the extremely 
short waves of the so-called X-rays as well as still shorter waves. 

When white light falls upon a white object, all the different component colors 
are reflected to the eye. When a white object is illuminated by red light or by 
blue light the object ai)pears red or blue because of the reflection to the eye of the 
colored light which falls upon it. Dead black material, like black velvet, absorbs 
practic.ally all the light whi(;h falls upon it regardless of whether it is white light 
or colored light. It is black merely because it reflects no light to the eye. Colored 
materials absorb certain of the components of white light which falls upon them 
and reflect others to the eye. Thus a piece of green paj)er absorbs most of the light 
wliicdi falls upon it except the waves of green light, which it reflects. This last 
statememt must be somewhat qualified. Strictly 8j)eaking, green light is light of a 
certain range of wave lengths, between about 53 and 56 hundred thousandths of 
a millimeter. The eye, however, perceives as green not only such monochromatic 
lights but also mixtures of longer wave lengths (yellow light) and shorter wave lengths 
(blue light) even though green light is entirely absent. The light absorbed by 
black or oilier colorijd material is largely converted into heat energy. 

The Energy Factor — Function of Chlorophyll . — Wo learned in an 
earlier chapter that the green color of the chloroplasts is due to a mixture 
of four jjigiiic'iits, two green ones, chlorophyll a and chlorophyll b, 
and two yedlow ones, carotin and xanthophyll. The term chlorophyll 
is oftc'n us('d for the mixture of these four pigments found in the leaf, 
and it is in this sense that we sliall use it in this chapter. 

Wlien a solut ion of chlorophyll in alcohol contained in a glass vessel 
is viewinl by transmitted light (light which has passed through the 
solution before reaching the observer's eye) it appears green in color. 
But when the solution is viewed by reflected light it appears deep red 
in color. This is due to the power of chlorophyll a and b to fluoresce 
(changes the wave Ic'ngth of some of tlie light which they absorb to 
light of longer wave length). C'hlorophyll solutions and chloroph}^! 
in the chloroplasts show red fluorescence even when the light which falls 
upon the chlorophyll has had all the red components removed. It is 
possible to detc^rmine what part of the white light is absorbed by 
chlorophyll by causing light which has passed through a solution 
of chlorophyll in alcohol to fall upon a glass prism so that it is broken 
up into its component colors. In place of an alcoholic solution of 
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chlorophyll we may use a leaf the mtercellular spaces within which have 
been filled with water to render it less opaque. The resulting spectrum 
will be different from the spectrum of white light which has not passed 
through a chlorophyll solution or a leaf. It will lack a considerable 
part of the red and much of the blue, indigo, and violet. Part of the 
red (of longest wave lengths) and most of the yellow, orange, and green 
are scarcely absorbed at all unless the solution is very concentrated or 
the leaf very thick. Thus we learn that it is a certain part of the red 
and some of the blue, violet, and indigo which are absorbed by chloro- 
phyll. Part of the red (from 65 to 68 hundred-thousandths of a milli- 
meter) is absorbc'd almost completely even in solutions of moderate con- 
centration, but there is less complete absorption of the blue, violet, and 
indigo. Important as is the absorption of the light energy which is 
necessary for photosynthesis, that is not the only part played in the 
process by chlorophyll. It doubtless plays an important chemical role 
also in the formation of sugar from carbon dioxide and water. 

The Energy Factor — Effectiveness of Different Parts of the Spectrum. 
— Photosjmthesis can go on only if energy is continuously supplied 
from without, and light is the only form of energy which the plant can 
use for this purpose. Obviously light which is not absorbed can not 
be used for photosynthesis, but it does not follow that all th() different 
colors of light absorbed are employed in photos>Tithcsis. We are also 
not justified in assuming that the small quantity of green, yellow, and 
orange light which is absorlx‘d can not be used for sugar formation. Only 
experiment can answer the questions as to what part of the absorbed 
light can be used in carbohydrate manufacture. One of the most 
direct methods is to project a spectrum upon a starch-free leaf which 
receives light from no other source, and then after a time remove the 
leaf from the plant and treat it with alcohol and with iodine solution. 
It will be found that where the orange, yellow, and green light fell upon 
the leaf there is little or no evidence of starch formation, but that 
abundant starch is present where the leaf was lighted by the blue end of 
the spectrum and by that portion of the red in which the absorption by 
chlorophyll is most complete. 

By the use of his method (already described) of mounting motile bacteria together 
with an algal filament under a cover glass with the edges sealed to the slide, 
Engelmann also demonstrated that all the different components of white light which 
are appreciably absorbed by chlorophyll are active in photosjmthesis. When he 
cast a small spectrum lengthwise upon the algal filament the bacteria swarmed 
in large numbers around the filament where it was lighted by the blue end of the 
spectrum and by the intensely absorbed portion at the red end (Fig. 163). The 
aggregation of the motile bacteria in the red part of the spectrum was greater than 
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at the blue end, indicating that oxygen liberation and therefore photosynthesis 
were most active in the region of most complete absorption. 

It has been shown that the greater intensity of photosynthesis in 
light of certain wave lengths is principally due to the chlorophyll being 
able to absorb a much larger proportion of such light than of light of 
other wave lengths. If we compare the photosynthetic activity pro- 
duced by equal quantities of absorbed light energy in different parts of 
the spectrum we find no very great differences but a progressive decrease 
with decrease in wave length. Thus a given quantity of absorbed light 
energy in the green is slightly more effective than the same quantity 
in the blue. Owing, however, to the relatively small proportion of 
the green absorbed by the chloroplasts and the large proportion of the 
blue, photosynthesis is much more active in the blue part. 

Efficiency of the Leaf in Utilizing the Sim’s Energy. — The following 
table gives the principal results of one series of measurements of the 
efficiency of leaves in utilizing light energ>\ The values would vary 
considerably according to the species, the age of the leaf, the intensity 
of the light, and other factors. In these measurements variegated 
leaves were us(h1. They were exposed to full sunlight and the energy 
quantity absorbed by the chloroplasts was determined by subtracting 
that absorb('d by a giv('n area of a while part of the leaf from the 
quantity absorbed by the same area of a green part. 

Por Cent 


Total energy of sunlight falling on upper leaf surface 100 

Energy absorbed by green part of a variegated leaf 80 

Energy absorbed by (^hlorophyll-free part of such a leaf . 70 

Energy absorb(*,d by the (chloroplasts of the green part of the leaf 10 
Energy acctually utilized in photos jmthesis 3 5 


It- is clear from this table that under the conditions of this particular 
experiment about 35 per cent of the energy actually absorbed by the 
chloroplasts or 3.5 per cent of all the light energy falling on the leaf was 
used in photosynthesis. A large part of the energy absorbed, but not 
utilized in photosynthesis, is used up in transpiration. In general the 
efficiency of green plants in the utilization for photosynthesis of the sun- 
light falling upon their leaves is probably less than the values given 
above, perhaps as low as 1 per cent. 

The By-product. — As shown by the equation for photosynthesis 
(6CO2 + 6H2O = C6H12O6 + 6O2), oxygen is liberated during the 
process. We speak of the oxygen as a by-product because its formation 
is merely incidental to the production of sugar. It is liberated into the 
atmosphere which already contains sufficient of this gas for the needs 
of the plant. 
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That some gas is liberated by green plants during photosynthesis is 
shown by the bubbles which are constantly being given off by sub- 
merged water plants while they are lighted by the sun. In the case 
of the filamentous fresh-water algae which are often called pond scums, 
the accumulation of these bubbks of gas among the filaments causes the 
masses of algae to float at th(‘ surface of the water when they have been 
brilliantly illuminated for some time. 

If an inverted glass funnel is placed in water over a mass of green 
algae or other green water plants and the stem of the funned is filled 
with water and then closed, the gas given off by the plants may be 
collected. After a considerable quantity has accumulated it may be 
tested by opening the funmd tube and holding a glowing splinter in the 
stream of gas which is expelled. The live coal will biirst into flam(^, 
an indication that the gas contains a large quantity of oxygtm. 

If a green leaf be placc^d in a gas-tight glass vessel with air containing 
a known quantity of carbon dioxide and then exposc^d to sunlight, it 
can be shown after a time, by analysis of the air, that there has bc'en 
an increase in oxygen and a decrease in carbon dioxide. The volume 
of carbon dioxide absorbed by the leaf is generally almost exactly ecjiial 
to the volume of oxygen liberatc'd by the leaf. Since ecpial volumes of 
different gases under like conditions of temi)eratur(' and pressure contain 
the same number of mok'cules, we can concludc‘ that for every moh'cuhi 
of carbon dioxide absorbed by the green cell during photosynthesis one 
molecule of oxygen is liberated. Thus our equation for this process is 
supported by experimental data. 

Wo have already seen how oxygen liberation was employed by Engclmann in 
his “bacterium method’’ as a measure of the rate of jdiotosyn thesis. The “bublde 
method” for comparing the rate of photosjmthesis under different external condi- 
tions also utilizes oxygen liberation as a measure oi rate of jihotnsynthesis. If a 
stalk of some small aquatic jilant, such as water weed (Elodea), watiT milfoil {Myri- 
ophyllujn)f or hornwort ((^eratophyllum)^ is cut off, loosely attached in an inverted 
position to a glass rod (Fig. 165), and immersed in a test tube, bubbles containing 
oxygen, which is not very soluble in water, will be given off at fairly regular inter- 
vals from the cut end, if the plant is illuminated. The number of bubbles produced 
in a given time is approximately proportional to the rate of photosynthesis. Lower- 
ing the temperature greatly, very much increasing it, or hjssening the intensity of 
the illumination, will decrease the rate at whi(;h bubbles are formed. Bubble for- 
mation will cease if the plant be placed in water which has been deprived of carbon 
dioxide by boiling and subsequently cooled to its original temperature, llemoval, 
by means of a light screen, of most of the red and blue from the light falling upon 
the plant will also greatly reduce the number of bubbles formed in a given period 
of time. 

Whereas photosynthesis goes on only during the period of daylight, 
respiration continues during both day and night. Respiration involves 
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the absorption of oxygon and the liberation of carbon 
dioxide. However, the amount of oxygen liberated 
into the atmosphere by photosynthesis during the 
twenty-four hours is generally greatly in excess of that 
absorbed by respiration, and the carbon dioxide 
contributed to the atmosphere by the respiration 
of such a plant is much less than that absorbed 
during photosynthesis. 

The power of green plants to remove carbon 
dioxide from the air and add oxygen to it is of great 
significance b('ca\ise if it were not for this gas inter- 
change' the eartli’s atmosphere would contain many 
tiiTK's its pres(uit percentage of carbon dioxide and so 
little oxygen that man and other animals could not 
exist. 

It has bec'n computed that approximately 25 square 
rnc'ters of green Ic'af surface' will give out, during a 
moderately warm and sunny summer day, the quantity 
of ox>'g('n usc‘d by a man for respiration during the 
same jicriod. However, since man's respiration con- 
tinues at night and during the winter, it would re- 
quire about- 150 square me'ters of leaf to supply to 
the air during the summer the quantity of oxygen 
used b}" a man during tlu*- year. 

The End-products, — In most plants the first 
visible' product of photos\T:ithesis is starch. It has 
been n'jiorted that, in many of the IMusaceae (banana 
family), starch is absent from the leaves, oil being 
instc'ad the' first visible product of photosynthesis; 
and in many other monocotyledons there is no visible 
proeluct to be found within the green cells, sugar only 
being formeel. 

The sugar which is the immediate product of 
photos 3 'nthe'sis has been generally assumed to be 
gluceise (CoHi 20(0. Leaves of species normally pro- 
ducing starch, if they are detached from their petioles 
and floated on solutions of various sugars, are able to 
convert the sugars into starch in the dark. Among 
sugars which may be thus utilized for the production 

Fig. 165. — A branch of the immersed aquatic plant, Elodea^ showing: the liberation 

of bubbles of oxygen (a by-product of photosynthesis) when the plant is illu- 
minated. 
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of starch in the absence of light are milk sugar (lactose), cane sugar 
(sucrose), malt sugar (maltose), and grape sugar (glucose). 

The Course of the Process. — It is not reasonable to suppose that the 
whole process of formation of glucose from carbon dioxide and water 
consists of a single chemical reaction. Of the several theories which 
have been proposed as to the successive stages in the process, most of 
the recent and most reasonable involve the formation from the raw 
materials (CO 2 and H 2 O) of the compound formaldehyde (CH 2 O) and 
the union of six such molecules to form a single molecule of glucose 
(0 gHi 206). Formaldehyde is poisonous to plants if present in high 
concentrations, but the continuous formation of glucose from the 
formaldehyde molecules would prevent the latter substance accumulat- 
ing in sufficient quantities in the leaf cells to cause any injury to them. 
It should be stated, however, that the question (;f the actual course of 
the chemical changes involved in carbohydrate manufacture is still an 
open one. 

Rate of Carbohydrate Production. — The amount of carbohydrate 
produced by a given area of leaf in a given time varies widely in dif- 
ferent species of plants and under difierent external conditions par- 
ticularly of temioerature and light intensity. Probably under very 
favorable conditions a square meder of leaf surface may produce in a 
single day as much as 20 grams of carbohydrate, for it has been shown 
that the average hourly rate of photosynthc'sis in pumpkin plants 
during a ten-hour period may equal 1.8 grams per square meter. 

Conditions Influencing the Rate of Photosynthesis. — Under natural 
conditions the rate of photosynthesis depends upon many factors, inter- 
nal and external. Among the internal factors may be mentioned the 
structure of the leaf, the number and distribution of chloroplasts in the 
mesophyll cells, the quantity of chlorophyll in a given area of leaf, and 
the number and distribution of the stomata, which control the entrance 
of carbon dioxide. These factors vary greatly in different spcicies. 
The principal external factors which affect the rate of photosynthesis 
are: 

1. Temperature. 

2. Intensity of illumination. 

3. Carbon dioxide content of the atmosphere. 

4. Water supply. 

The lowest known temperature (minimum) at which it is possible for 
photosynthesis to go on is several degrees below the freezing-point of 
water. For many plants of the temperate zone the optimum (most 
favorable) temperature for the process is about 37° C. and the maximum 
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(temperature above which the process ceases) from 43° to 45°. But 
the optimum differs somewhat in different species. It also may vary 
according to the other external factors. Thus the optimum tempera- 
ture may be lower when the light intensity is low than when the illumina- 
tion is more intense. 

The amount of carbohydrate produced by a given area of leaf sur- 
face increases with increasing illumination up to a certain point (the 
optimum light intensity) if the temperature and the carbon dioxide 
supply arc sufficient. 

But with optimum illumination and temperature, green leaves do 
not, under natural conditions, produce the greatest quantity of car- 
bohydrates which they are capable of producing. This is because the 
0.03 per cent of carbon dioxide in the atmosphere is far below the 
optimum concentration. With conditions of temperature and illumina- 
tion such as exist in nature where crop plants arc developing normally, 
artificial increase of carbon dioxide up to a concentration of 0.25 per cent 
may result in increased carbohydrate production. 

Under favorable natural conditions of illumination and temperature 
the carbon dioxide content of the atmosphere is the limiting factor for 
photosynthesis. That is to say, at the temperature of a sunny day 
during the active growing season, the amount of carbohydrate pro- 
duced could not be increased by raising the temperature or increasing 
the illumination, but only by increasing the concentration of carbon 
dioxide above that normally present in the atmosphere. In weak light 
or at low temperatures the concentration of carbon dioxide may not 
be the limiting factor and an increased rate of photosynthesis may not 
be aitained by increase in carbon dioxide. Which factor (light intensity 
or temperature) is then the limiting factor can be determined only by 
raising the temperature without change in illumination, and increasing 
the illumination witho\it changing the temperature. The factor (light 
intensity or temperature) whose increase results in increase in photosyn- 
thesis can then be recognized as the limiting factor. 

Over limited areas in fields adjacent to certain industrial plants 
which produce carbon dioxide as a by-product, and in gretuhouscs, 
artificial increase of carbon dioxide in the atmosphere has been shown 
to greatly increase tlie yield of the crops. 

The Utilization of the Product of Photosynthesis. — The sugar, 
glucose, which is believed to be the immediate i:)rod\ict of the photo- 
synthetic proc(^ss, constitutes the foundation material out of which 
many other plant substances are built up. Part of this carbohydrate 
is respired, liberating energy which is used by the plant in its life proc- 
esses, but a very large portion is transformed chemically into substances 
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which serve various purposes in the life of the plant. We may classify 
these substances as follows: (1) those which compose the cell walls 
of the plant, (2) reserve foods, (3) components of living protoplasm, and 

(4) various other substances. 

Part of the sugar is converted into cellulose for the formation of the 
walls of new cells and for the thickening of old walls of living cells. 
The reserve foods of which glucose forms the basis are principally 
(1) carbohydrates, such as the sugars (fructose, sucrose), starches, 
and hemicellulose, (2) oils, and (3) proteins. The carbohydrates and 
oils contain the same elements, carbon, hydrogen, and oxygen, found 
in the glucose molecule, consequently, the chemical transformation of 
glucose to these substances does not involve the addition of other ele- 
ments. But, in the building of proteins, the elements nitrogen, sulphur, 
and in some cases phosphorus are added to those of the glucose. Pro- 
tein formation apparenll}^ may go on in any part of the plant. Living 
protoplasm is a complex mixture of a number of substances, chiefly 
proteinaceous in character. 

Of the various other substances produced in plants the following 
may be mentioned: (1) the essential oils, such as k^mon oil, cedar oil, 
clove oil, and other volatile oils which are capable of imparting odors 
to fruits and flowers and other parts of the plant; (2) the resins, found 
in many plants but particularly abundant in pines; (3) latex, a milky 
secretion; the latex of certain plants is the basis of rubber; (4) various 
pigments, such as chlorophyll, xanthophyll, carotin, and anthocj^anin ; 

(5) alkaloids, nitrogenous compounds, such as quinine (from the bark 
of Cinchona tree), caffein (from coffee), thein (from tea), morphine 
(from the poppy); (6) glucosides, substances which on decomposition 
give rise to glucose together wath certain other substances; exampk^s of 
glucosides arc amygdalin which is found in the scH^ds of th(^ bitter 
almond and other nuts, and siiiigrin found chiefly in the seeds of mus- 
tards; (7) enzymes, compk^x protein compounds, which by th(*ir iiuto 
presence, even in very low concentration, sixicd up certain chemical 
reactions in the plant; (8) acids, such as malic acid (from the api)l(‘), 
and citric acid (from citrus fruits); (9) tannins, substances which impart 
an astringent, bittcjr taste to tissues in which they are present, and 
(10) vitamins, substances which occur in extremely minute quantities in 
plants and are detectable only through feeding experiments with animals. 
Animals, including man, are incapable of normal development and 
maintenance of health if any one of the known vitamins is lacking in 
their food. Little is known concerning their function in plants. 

Transpiration. — The plant is constantly lovsing water to the atmos- 
phere. This water comes from the soil, enters the plant through the 
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roots, moves in the conducting tissues to the leaves, and escapes as 
vapor from the moist cell walls of the mesophyll into the intercellular 
spaces, from which it passes by diffusion through the stomata and, to a 
much less extent, through the cuticle to the atmosphere. There is loss 
of water from the young stems also and in fact from the entire surface of 
the plant which is exposed to air above ground. 

If a bell jar be placed over a potted plant fine drops of water will 
soon make their appearance on the; inner surface of the jar, and these 
will finally collect into larger drops and run down the glass walls. Evi- 
dently the air within the chamber has been receiving from some source 
a quantity of water, part of which has become condensed upon the 
glass. If the possibility of water passing into the air by evaporation 
from the soil or the pot is excluded by sealing the surface of the pot and 
th(' soil with i)araffine, the results of the experiment are unchanged. 
The conclusion which can be drawn is that water passes from the aerial 
parts of plants into th(' surrounding air. 

As a matter of fact, all the higher plants, except such submerged 
forms as water wx'cd (Elodea) and water milfoil {Myriophyllum), are 
constantly losing water, which passes into the atmosphere in the form 
of watf'r vafX)r. This process is called transpiration. Another method 
by which it may be d('monstrated, and at the same time accurately 
m(\asur(‘d, is by th(' use of a balance. If a potted plant, with the pot 
and soil surfaces sealed ov(t with paraffine or completely enclosed in 
sheet rubber or otluT waterproof covering, is placed on the scales and 
accurate'ly weighed, it will be found after a short interval that the 
plant, has lost weight. Successive weighings will show that it con- 
tinues to lose weight. If the plant were kept in the dark betwenm 
w(‘ighings, the loss in weight would include that due to respiration as 
well as that n'sultiiig from transpiration, but the resulting error in 
trans])iration measurement would not be large in an actively tran- 
spiring plant, for the loss du(' to transpiration would be many times the 
loss by respiration. The w(‘ight loss might be somewhat less than 
the weight of water transpired if the plant were kept in the light between 
weighings, for the plant might gain by photosynthesis more than it 
lost by respiration. 

Though related to evaporation, such as takes place from a water 
surface or from a wet cloth, transpiration is different in that it is con- 
trolled in part by the plant itself. 

Utility to the Plant. — The great surface exposed by the leaves of a 
typical plant is favorable to the absorption of large quantities of carbon 
dioxide and of light energy for photosynthesis. It subjects the plant, 
however, to the danger of transpiration exceeding water absorption, 



218 


THE LEAF 


a condition which results in wilting, or, if long continued, in the death 
of the plant. The question naturally suggests itself as to whether the 
large water loss through transpiration is merely an unavoidable result 






'X 


Fig. 166. — A potometer for measurement of the rate of transpiration: Withdrawal 
of water from the api}aratus by the leafy shoot to make up for that lost by tran- 
spiration causes water to move from left to right in the horizontal capillary tube. 
This tube is bent downward near the end and dips under the water in the vial 
shown at the left, from which it draws water through its open end. If the tip 
of the capillary tube, which is graduated in 500ths of a cubic centimeter, is 
raised for a few seconds above the surface of the water in the vial an air bubble 
enters the tube. The distance moved by this bubble in a given time shows the 
rate of transpiration. By turning the stop cock at the base of the perpendicular 
water reservoir the bubble can be forced back to its original position after each 
observation. A potometer with larger receptacle for the plant so that a small 
plant with its entire root system can be used is preferable to the apparatus shown. 
Above, a portion of the capillary tube, slightly magnified, showing a bubble 
between the fifth and ninth graduations. 


of the development of a great leaf surface by the plant or is a process 
which plays a useful role in the life of the plant. It was formerly the 
general belief that the inorganic salts from the soil were carried into the 
roots with the absorbed water, and that therefore the quantity of these 
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salts which entered the plant depended upon the quantity of water 
absorbed. There is, however, no apparent reason why substances in 
solution in the soil should not diffuse into the root hairs even though 
there is no simultaneous absorption of water. It has recently been 
shown by experiment that reduction of the quantity of water absorbed 
by a plant (by reducing its transpiration) does not proportionately 
reduce the quantity of soil solutes absorbed. 

Transpiration and the Transpiration Stream. — In the chapter on 
the stem, the withdrawal of water from the conducting tissues of the 
leaf by the mesophyll cells was given as the principal factor in main- 
taining the stream of water and soil solutes from the root to other parts 
of the plant. It is this osmotic pull upon the water in the tracheids 
of the veinlets which is responsible for drawing the dilute solution (the 
sap) upward in the vascular tissue of the veins and stem. The water 
drawn into the mesophyll cells tends to reduce the concentration of 
their cell sap. As a result, these cells would lose their power to draw 
water from the veinlets and the upward stream would cease or at least 
move much more slowly if it were not for the fact that the mesophyll 
cells arc losing water by transpiration. Transpiration is responsible 
for the rise of water to the leaves but it can scarcely be said that it is 
on that account useful to the plant, for practically all the water raised 
is lost by transpiration. Bringing the mineral salts (absorbed from the 
soil and present in great dilution in the sap) quickly to the leaves 
and concentrating them there, where they are probably principally 
used in the manufacture of proteins, chlorophyll, and perhaps other 
substances, may be the single definitely useful role performed by 
transpiration. 

The greater part of the energy absorbed by the leaf is already in 
the form of heat or is transformed into heat within the leaf. It has 
been suggested that the absorption of so much energy which is not 
used up in photosynthesis may result in the leaf being raised to so high 
a t( mperature on warm sunny days that the protoplasm would be injured 
or killed if it were not for the cooling effect of water evaporation (tran- 
spiration) from the leaf. Expfiriments with leaves which are transpiring 
actively and with others in which the transpiration rate is quite low do 
not indicate that the latter have a temperature much above the 
former, even on very warm sunny days. It is highly questionable 
whether the cooling effect of transpiration is of much importance to 
the plant. 

Conditions Affecting Transpiration Rate. — The amount of water 
lost by transpiration depends upon (1) external factors, conditions out- 
side the plant, and (2) internal factors, conditions in the plant itself. 
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External Factors. — In moasuring the effect of external conditions 
upon the rate of transpiration, the balance may be used to show, by the 
change in weight of a plant, the quantity of water lost. 

The principal external factors which affect the transpiration rate 
are the following: 


1. Humidity of the atmosphere. 

2. Light intensity. 

3. Air movements. 

4. Air temperature, as it affects 
l(^af temperature. 

5. Soil conditions. 

Humidity of the Atmosphere . — 

The less moisture thc're is in the 
air surrounding the plant the 
greater will transpiration tend to 
be. Though wat.tT loss is very slight 
in a wat(T-saturated atmospher(‘ it 
has been shown tliat it does not 
C('ase entirely. AVlu'ii plants which 
hav(i been absorbing and transpir- 
ing wat(T actively hav(' transpira- 
,tion suddtmly ch('cked, by great 
increase in the humidity of the 
atmosphen', while- intake of water 
continu(‘s, drops of watcT may come 
out of the tissues. This can be 
shown by inverting a larger tumbler 
over a flowcT pot in which young 
oat or wheat plants are growing. 

If the plants have beem wedl supplied 
with wat(*r and have beeai j^reviously exposc'd to warm, dry air, drops of 
water will api)ear on the l(*av(‘s and often increase in size until they fall 
off or run down th(^ leaves. This exudation of water in the liquid form 
under the conditions described is called guttation. It takes places in 
various plants during moist, cool nights following warm summer days. 
Many plants possess special structures called hydathodes (sometimes 
modified stomata), through which water of guttation can easily escape. 

Light Intensity . — Illumination has a marked effect on water loss 
by transpiration. Illumination may increase transpiration in two ways: 
(1) by causing the guard cells to open wide the stomata, and (2) by 
raising the temperature of the leaf. 

Air Movements . — When the air surrounding the plant is quiet, it 



Fig. 167. — Photograph of a rose leaf 
showing water of guttation adhering 
to the “teeth” around the margins 
of the leaflets. 
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becomes almost saturated with water vapor because of transpiration 
and the slowness with which the water vapor diffuses away from the leaf. 
This “ moist blanket ” of air naturally checks transpiration. Movement 
of the air sweeps away this mantle of moist air and brings drier air to 
the surface of the leaves, and as a result transpiration increases. 

Air Temperature . — In general, experiments show that, other condi- 
tions remaining constant, transpiration increases with rise and decreases 
with lowering of the temper- 
ature of the surrounding air, 
this resulting in a corre- 
sponding increase or do- 
cr(‘asc‘ of leaf temperature. 

Soil Conditions . — When 
transpiration has been for 
sonu^ time more active than 
water absorption, the plant 
shows that it is suffering 
wat(T shortage^ by beginning 
to wilt. Although it has 
b(‘(‘n shown that th(» sto- 
mata may n'main open for 
some time after wilting 
starts then^ is a larg(‘ reduc- 
tion in transpiration rate 
as soon as wilting begins. 

Th(* mesophyll cells give 
11 [) water vapor much l(\ss 
fre(‘ly whem they are in a 
condition of water shortage 
than when they an* abundantly supplied with water. This results 
whether the water shortage is due either to excessive transpiration 
or to restricted water absorption. Accordingly, any soil conditions such 
as a deficiency of water in the soil which affect the rate of water absorp- 
tion will also change the rate of transpiration. 

Internal Factors. — Means of Limiting Transpiration . — All flowering 
plants, with the exception of a few submerged aquatic ones, have pro- 
visions for regulating transpiration. If this were not so, even in the case 
of a plant growing in relatively moist soil, a short period' of relatively low 
humidity, such as would result from a sudden rise in temperature, might 
cause serious injury or death. This would result from a failure of the 
roots to absorb, or of the vascular tissue to conduct, sufficient water to 
replace the greatly increased quantity lost by transpiration. 


^Guard Cell 



Fig. 168. — Longitudinal section through a mar- 
ginal tooth of a leaf of Chinese primrose {Pri?n- 
ula sinensis)^ showing the structure of a hyda- 
thode. Not a few plants, particularly those of 
humid regions, possess these special structures 
which excrete water in the li(]uid form during 
guttation. (Redrawn after Haberlandt.) 
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Through the layer of cuticle forming the surface of all mature 
leaves, some water does escape into the air. This loss of water through 
the cuticle is spoken of as cuticular transpiration, to distinguish it from 
water loss through the stomata which is called stomatal transpiration. 

The principal means by which the plant reduces cuticular transpira- 
tion arc the thickening of the outer wall of the epidermal cells, the 
presence of large quantities of the wax-like material, cutin, in this 
wall, and the production of close-set rods of wax (the so-called bloom ”) 
which occurs on many fruits, leaves, and stems and which has the appear- 
ance of a very fine powder. The leaves of tulips, pinks, or carnations, 
and many other plants have such a coating, or bloom, which may 
easily be wiped off. 

The following brief table gives the average number of stomata pc^r 
square millimeter on the upper and lower surfaces of the leaves of some 
common plants: 



I Average Number of Stomata 


per Square Millimeter 

Name of Plant 




Upper Surface 

Under Surface 

Apple {Pyrus malua) 

0 

250 

Olive (Olea europaea) 

0 

625 

Pea (Ptsuni sativum) 

101 

216 

Rubber j)lant (Ficus elashca) 

0 

145 

Corn (Zca mays) 

94 

158 

Rarberry (Berheris vulgaris) 

0 
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Clearly the stomata on the under surface of the leaf will be less likely 
to endanger the plant by allowing excessive transpiration than would 
stomata on the upper surface. The temperature of the lower, and 
therefore shaded, side of the leaf will be less than that of the upper side 
when the sun is shining brightly, and the air adjacent to the lower sur- 
face of the leaf will not tend to be so dry as that next to the upper side 
of the leaf. 

Leaves which hang straight down, hke those of some poplars and 
the adult leaves of eucalyptus (Fig. 156), have about the same number 
of stomata on the two sides. The same is true of leaves, like those of 
many grasses, which stand almost or quite perpendicular. In a few 
plants, such as those water lilies whose leaves float on the surface of 
water, there are no stomata on the lower leaf surface. 
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Stomatal transpiration is sometimes reduced by depression of the 
stomata below the general surface of the leaf. In plants with such 
sunken stomata, gases entering the leaf have to pass through an outer 
chamber formed by overhanging epidermal cells before entering the 
stoma (Fig. 152). The transpired water vapor leaving the leaf is thus 
prevented from being swept away from the stoma at once by air cur- 
rents, and transpiration is reduced. 

Most plants are able, by opening or closing the stomata, to greatly 
altcT the water loss due to transpiration. On page 194 a brief account 
was given of the mechanism by which the guard cells open and close the 
pore (stoma) b(4;ween them. The guard cells generally react to a 
change from light to darkness or from darkness to light, closing the 
stoma in the former case and opening it in the latter. The stomata 
must, however, be considered primarily as serving to pc^rmit the entrance 
of carbon dioxide and oxygen rather than to limit transpiration, for the 
stomata are in general open not at the time when transpiration would 
tend to be the least (at night) but in the daytime when the leaf requires 
carbon dioxide for photosynthesis and when the open stomata will cause 
a rc'latively high rale of transpiration. 

In the willows (Salix) the guard cells have lost their power of regu- 
lating the stomata and the latter remain permanently open. It may 
be larg(‘ly on this account that the willows are generally restricted to 
habitats wdiere there is abundant water in the soil. 

Other Methods of Reducing Transpiration. — In some plants, certain 
grasses for exami^le, transpiration, both stomatal and cuticular, is 
reduc(‘d, when water shortage' begins, by rolling of the leaves. By this 
mc'thod the k'af surface exposed to light and to the dry atmosphere is 
reduced. 

It is commonly assumed that the presence of epidermal hairs reduces 
transpiration. Of this there is some question, especially in cases where 
the hairs an' made \ip of living cells. Experiments with some plants 
have showm that the water loss from the leaves is greater when the hairs 
are pn'sent than when they are lacking. 

Many X(?rophytes (plants living in places where the water supply in 
the soil is small and the' atmosphere very dry) have reduced both stom- 
atal and cuticular transpiration by having very small leaves, by shedding 
the k'aves soon aftc'r they are formed, or by producing no k'aves at all. 
In either of the two latter cases the stems perform the typical leaf 
functions. Clearly such provisions for restricting water loss result in 
a great sacrifice of photosynthetic activity. 

Respiration in Leaves. — As we have already learned, the oxidation of 
food into carbon dioxide and water, with the hberation of the energy 
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which was stored in the molecules of the food substance, is a process 
going on in all living cells. It is particularly active in the growing parts 
of the plant and in the leaves and flowers. Part of the energy liberated 
by respiration is in the form of heat. Under natural conditions this 
heat does not cause any considerable rise in the temperature of the leaf, 
for it is quickly dissipated into the surrounding air. However, if many 
fresh green leaves are piled together, the center of the mass soon becomes 
very warm, since the heat liberated by their respiration can not readily 
escape. Molisch found that in the center of a large pile of fresh green 
pear leaves a tempt'ratiire 44° C. above that of the surrounding atmos- 
phere was attained witliin a little over twenty-four hours. This rise of 
temperature due to the* respiration of the cells of the leavers is not to 
be confused with the heating which would take place much later due to 
the fermentation of the mass by bacteria and oth(T fungi. 

Special Functions Sometimes Performed by Leaves. — Besides the 
primary functions of photosynthesis and transpiration, the leaves of 
various plants may perform certain special functions in the service of 
the whole plant. In some cases the leaves that arc adapted to carry 
on such special functions continue actively to transpire and to manu- 
facture food, but in others their adaptation to perform a special role 
in the life of the plant is attended by partial or complete loss of the 
primary functions. Examples of such special functions are protection 
(bud scales and leaf spines), food storage, water storage', attachment 
(tendrils), and capture of insects for food. 

Protection — Bud Scales . — We have already learned that tlu' delicate 
growing point, or promeristem, wdthin the buds is surrounded and pro- 
tected b}" the overlapping rudimentary leaves which later develop into 
ihe foliage k'avc's of the plant. Exce'pt in those species which liv(' in 
moist, warm habitats where there is little danger of injury from dry air or 
low temperature, the rudimentary foliage leaves of perennial woody 
plants and the other parts within the buds are protected by scale leaves 
called bud scales. These have already been described. They are often 
covered with dense hairs on the outer surface. In the poplars and 
many other plants they secrete a waxy or resinous substance which 
makes the scale covering of the buds waterproof. 

Leaf Spines . — Leaves are sometimes entirely or in part transformed 
into spines. In cactus, for example, these spines certainly protect the 
plants from destruction by browsing animals. Such spines are found on 
many desert plants. The spines of various species of cactus and those 
of the barberry (Berberis) (Fig. 169) are formed by the transformation 
of the whole leaf. In the black locust {Robinia pseudacacia) (Fig. 170) 
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and in various species of Euphorbia there are paired spines at the base 
of the leaves. These are transformed stipules. 

Food Storage. — In the monocotyledons, particularly in the Liliaceae, 
such as Tulipa and Allium (the onion), there are special scale loaves, 
the bulb scales, which serve for food storage (Fig. 107) and make up the 
bulk of the bulbs which are characteristic of these and many related 
plants. 

Water Storage. — Special water-storing leaves are borne by many 
plants which live in dry soil 
and in salt marshes where 
water absorption is difficult 
on account of the high con- 
centration of the solutes in 
the soil water. Examples of 
plants bearing such water- 
storing leaves an' stone-crop 
(Sedum), sea fig (Mesem- 
hryanihemum)^ and Russian 
thistle (Salsola). These 
knaves are generally much 
thickened and have a thick 
and very efficient cuticle. 

They are larg('ly mad(‘ up of 
wat er-storage tissue, con- 
sisting of larg(', very turgid, 
and swolkm parenchyma 
cells which generally lack 
cliloroplasts and have large central vacuoles. Large quantities of water, 
which the i)lant has absorbed ovct a considerable period or during a 
short, sc'ason when wat('r was abundant, are stored in these leav('S so 
that, it may be used as needed by the plant . When the k'aves of such 
succulent plants (Fig. 171) are crushed they yield an astonishing 
quantity of water, but under natural conditions this water is held so 
t('naciously that some such plants can live, and even send out new 
shoots, when they have been severed for weeks or months from any 
connection with the soil. 

Leaf Tendrils. — There are many plants whose leaves are wholly or 
in part transformed into tendrils by which the plant may attach itself 
to a support. Thus, in the garden pea {Pisum sativum) ^ several of the 
uppermost pairs of leaflets of the compound leaf have no blades, but 
instead form slender cylindrical tendrils (Fig. 144). In Lathyrus 



Fig. 169. — Leaf spines of rommon ])arberry 
(Berberis vulgaris). A short shoot bearing 
ordinary foliage leaves stands in the axil 
of the branched spine-like leaf. 



226 


THE LEAF 


aphaca the whole leaf is transformed into a single tendril and the typical 
leaf functions are taken over by the leaf-like stipules. The petiole 
may serve as a tendril, as in the potato vine (Solarium jasminoides) and 
in the garden nasturtium (Tropaeolum); or that function may be per- 
formed by the stipules as in some species of Smilax, or by the rachis of 
the compound leaf, as in Clematis. 

Capture of Insects by Leaves. — Without question, the most remark- 
able adaptation of leaves to a special function is found in the few plant 
species whose leaves are able, through various devices, to capture 

insects and secure food from 
their bodies. These insectivo- 
rous plants generally have 
weakly developed root systems, 
and are mostly found in loca- 
tions where the essential min- 
erals ordinarily secured from the 
soil are deficient in amount. 
Many of them are found in bogs 
w^here the soil is largely com- 
posed of decaycnl plant remains 
and is on that account, and 
because of the leaching effect 
of the abundant wat(T which it 
contains, low in content of es- 
sential minerals. Others, like 
Nepenthes, are epiphytes grow- 
ing attached to, but not para- 
sitic on, other larger plants. 

The best-known insectivorous plants are the Venus’ fly trap (Dionaea 
muscipula), sundew (Drosera), pitcher plants (Nepenthes, Sarracenia, 
and Darlingtonia), and bladderwort (Vtriculario). 

In the Venus’ fly trap, the halves of the leaf blade each have a row 
of long stout teeth along the outer margin and three sensitive hairs 
in the center of the upper side. WTien an insect alights upon the leaf 
and touches one of these sensitive hairs the two halves fold together 
quickly along the midrib so that the insect is often caught. The softer 
parts of the captured insect are rendered soluble by a digestive juice 
secreted by small glandular hairs on the leaf surface. 

In the sundews, the flat, more or less circular leaf blade is covered 
with long, radiating, glandular hairs or “ tentacles ” covered at the tips 
with a sticky secretion containing a digestive enzyme. When an insect 



Fig. 170. — Stipular spines of black locust 
{liolnnia pseudacacia). 
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Fig. 171. — Various t3’pes of succulent plants includinj? Agave (middle background). 
Aloe (extreme right, above), and Cotyledon (flow'^ring plant in foreground). 
(Photograph furnished by George Stone.) 


alights on a Droscra hair the sticky secretion holds it fast. The ten- 
tacles with which it is not in con- 
tact soon bend over until they 
touch the insect and so it is soon 
engulfed in the secretion and 
dig(*st(‘d. The digested material 
from the insect is presumably 
absorbed by the plant. 

In the pitcher plants, the en- 
tire leaf or a part of the leaf forms 
an urn or pitcher, which is partly 

filled with a liquid in which the .172.-A leaf of Venus’ Flytrap 

* {Dionaea rnusctpula} an insectivorous 

captured msects drown and are plant. (After Darwin.) 

subsequently digested. 

The bladderwort (Fig. 175) is a rootless, submerged water plant, 
which bears numerous small bladders on the branches. Each of these 






Fia. 174. — Pitchers of four insectivorous plants. A, Sarracenia variolaris. 
Darlingtonia californica. C, Sarracenia Drummondii. Z), Nepenthes villosa. (After 
Kerner.) 
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bladders has a single opening to the exterior, closed by a sort of valve or 
trap-door, which opens only inward. Small water animals which enter 
these traps are therefore unable to escape. 

Organs Other than Leaves which Perform the Typical Functions 
of Leaves. — In the tropical epiphytic orchid (Taeniophyllum) and in 
one or two related genera, the plant body is without foliage leaves and 
there is no stem, except a very short and temporary one, which sup- 
ports the flower. As a result, the leaf functions are performed by the 
roots. These, instead of bcdng covered with soil, are generally attached 
to the surface of a tree trunk upon which the plants grow and perform 


all the functions of the plant ex- 



Fio. 175. — Insect trap of I itricularia in BeeWon. This 
structure' is a riiodified leaf. (Redrawn from Sachs.) 



Cladophylls n 
S cale 


Fig. 176. — A portion of the 
stem of asparagus sliow- 
ing a scale leaf and the 
needle-like stems (elado- 
phylls.) 


In th(‘ Spanish broom (Spartium), in various spt^cics of Euphorbia^ 
and in many other plants which live in dry habitats, the true leaves 
ar(‘ small and art' shed soon aft^r they are formed. In these plants the 
functions of photosynth(;sis and transpiration are taken over by the 
grt'en stems, which may, however, show little evidence of change in 
form which adapts them to these functions. 

In other cast's, such as the cactus {Opuntia)^ the stems which have 
taken ovtT tht' leaf functions liecome very much flattened and often 
have a strong siipt'rficial resemblance to leaves. 
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THE FLOWER 

Vegetative and Reproductive Functions. — Up to this point we have 
discussed the plant organs which are primarily concerned with the 
vegetative functions, i.e., with those functions through which the 
individual plant provides for its own needs. The function of reproduc- 
tion has nothing to do with the welfare of the individual plant which 
carries on this function. In fact, in many plants, reproduction is 
always a forenmner of the death of the individual plant. Thus, in 
annual plants, very soon after the formation of flowers and seeds, the 
whole plant dies except for the seeds which alone remain alive. The 
reproductive function serves to originate new individuals and thus to 
perpetuate the species, to multiply the number of plants of the species, 
and to distribute the species over a larger area. 

In this and the following chapters we shall discuss the plant struc- 
tures (flower, fruit, and seed) which have to do directly with reproduc- 
tion, and the processes (pollination, fertilization, seed development, and 
germination) by which reproduction is accomplished. 

Some of the particulars of the reproductive processes among the 
higher plants will be taken up in more detail in the second part of this 
book, where it will also be shown how the organs and methods of repro- 
duction among the Spermatophytes, or seed plants, have evolved from 
those of more primitive plants. 

What is a Flower?— A flower is really a stem, generally a branch 
stem, bearing leaves which are specially adapted to carry on reproduc- 
tion. Such floral leaves are very different in form from foliage leaves. 
The flower generally has its origin in a leaf axil, just as does an ordinary 
branch. The leaf which thus subtends a flower may be an ordinary 
leaf or it may be quite unlike a foliage leaf, in which case it is called a 
bract. Though really a branch, the flower differs from branches bearing 
foliage leaves in the following four important particulars: 

1. The promeristem of this branch does not continue to grow but 
is “ used up ” (that is, entirely converted into permanent tissue) in the 
formation of the floral leaves which make up the flower. 

2. The floral leaves, instead of being distributed at intervals along 
the stem and being separated by long intemodes, are crowded together. 

23U 



THE PARTS OF A TYPICAL FLOWER 


231 


3. Normally there are no buds in the axils of the floral leaves. 

4. Some of the floral leaves produce pollen and others bear the 
ovules which may develop into seeds. 

The Parts of a Typical Flower. — Among the typical flowering plants 
there is a very large number of different flower forms. With relatively 
few exceptions, they are made up of the same parts, although they vary 
in the number, form, and arrangement of these parts. The parts which 
make up a typical flower are the following (Figs. 177 and 178) : 

1. The sepals (together called the calyx), which usually enclose the 

other flower parts in the 
bud. 

2. The petals (together 
called the corolla), which 
are usually the conspicu- 
ously colored flower parts. 

3. The stamens, each 
made up of an anther 
( pollen-bearing portion) 
borne at the top of a fila- 
ment or stalk. 

4. The pistil, consisting 

of: (a) the ovary (enlarged 
basal part which becomes 
the fruit) ; (b) the style 

(a slender column of tissue 
which arises from the top 
of the ovary and through 
which the pollen tubes 
grow); and (c) the stigma 
(expanded tip of the style to 
which the pollen adheres). 

h. Tlie receptacle, the enlarged end of the pedicel or peduncle to 
which other flower parts are attached. 

The pc'tals and sepals taken together are called the perianth. If a 
flower is borne singly its stalk or stem is called a peduncle. In many 
plants, however, the flowers are borne in clusters or inflorescences. In 
the latter case the stems (generally short) which bear the individual 
flowers of the cluster are called pedicels; and the main stem of the 
cluster or inflorescence, from which the pedicels arise, is called the 
peduncle of the inflorescence. In short, a peduncle is the stem or stalk 
of a solitary flower or of an inflorescence, whereas the stalk of each 
flower of the cluster is a pedicel. The end of a peduncle, when it bears 



Fig. 177. — Diagram of a flower from which all 
but. one member of each whorl of flower parts 
have been remov(Hl. (Based on a figure in 
II Jill’s A Yoscmite Flora.) 
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a single flower, or of a pedicel is generally broadened out to form a 
structure called the receptacle, to which the flower parts proper are 
attached. 

In a typical flower the center is occupied by the pistil or pistils; in a 
circle or whorl surrounding these are the stamens; outside the stamens 
is a circle of petals; and surrounding these a whorl of sepals. 


Germinating Pollen 



Stamen 


PistU 


Fia. 178. — Diagrammatic longitudinal section of a flower. (Redrawn from Sachs.) 


However, in certain species the stamens and pistils may be borne 
in separate flowers, which may occur on the same or different individual 
plants. The petals and sepals, though not essential for scied formation, 
are important in protecting the stamens and pistils before the flower bud 
has opened and in attracting the insects which in most flowers, as we 
shall see later, are needed to bring about seed production. 

Origin of the Flower Parts. — In plants which bear their flowers in inflorescences, 
a single such cluster may contain flowers in various stages of development. The 
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flowers at the base of such a group may be fully developed or may even have pro- 
duced fruits, while at the extreme tip of the inflorescence there may be flower buds 
of microscopic size in which the flower parts are mere rudiments. This is the case, 
for example, in many members of the mustard family (Cruciferae) ; such plants are 
particularly favorable for the study of the origin of the flower parts. The sepals, 
petals, stamens, and carpels (floral leaves which, singly or fused into groups, form 
the pistils) make their first appearance as protuberances of meristematic tissue from 
the growing point of the end of the floral branch (Fig. 179). These protuberances 
or primordia of flower parts thus arise in a manmir similar to the jirimordia of foliage 
leaves. There are, however, two important points of difference: (1) In the leaf 
bud the growing point or promcristem of the shoot can continue indefinitely to 


•Sepal 


A 



Fig. 179. — Origin and development of flower 
parts of shepherd’s purse {(Utpsclla). A, 
jipex of the floral axis before the appearance 
of the primordia of any of the flower jiarts. 
H, ajiiiearaiiee of sepals. C, the stamens 
have iiia.de tlieir a.j)})earaiiee and the carpels 
are just beginning to form. D, the jietals 
have apjieared and the primordia of the 
carjiels also. Note that the latter in their 
formation involve all that remains of the 
promeristein of the floral axis. (Redrawn 
frem Coulter and Chamberlain.) 



Fig. 1 <S0. — The essential flower parts 
of tobacco (Nicotiana). A, the 
romiiound pistil consisting of two 
carjiels. B, a stamen, showing 
the filament (stalk) and anther. 


produce leaf primordia. These primordia are always produced on the sides of a 
growing point which continues to tdongatc at the tip. The growing point of a devel- 
oping flower, however, do(\s not continue to grow after the' rudiments of flower 
parts have been formed, for the very tip of the growing point is involved in the 
formation of the cancels. In certain abnormal flow'crs (flower monstrosities), of 
the rose and other jilants, not all of the growing point is used uj) in the formation 
of the floral parts, and th(' stem grows on through the flower and later gives rise to 
a leafy shoot. (2) In the develojimcnt of primordia of foliage leaves those neare.st 
the end of the growing point, which are the ones most recently formed, are always 
the smallest, while in the formation of the flower jiarts there may not be such an 
orderly development. For example, in the common shepherd's purse iCapsella)^ 
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the rudiments of the sepals, stamens, and carpels attain considerable size before the 
rudimentary p^etals appear. 

For some time after they appear, the small projections of mcristematic tissue, 
which are to become flower parts, elongate by cell division and cell growth. Later, 
in many flowers, a ring or zone of tissue at the base of one or more whorls of pri- 
mordia begins to grow actively so that the primordia are carried up on a circular 
ridge of tissue common to all the parts of a whorl or in some cases to several whorls. 
This development may result in the separate parts of any one whorl being more or 
less united with each other in the mature flower, a condition called coalescence. 
Thus there is coalescence of the petals in the tube-shaped corollas of pet unia, morn- 
ing glories, and many other plants. In other cases two or more whorls may become 
grown together to a greater or lesser extent, a condition called adnation, illustrated 
by the flowers of the primrose, in which the stamens are atttached to the petals. 
Since coalescence and adnation are responsible for various characteristic types of 
flower formation, we shall have occasion to refer to them later. 

Histology of the Flower Parts. — The peduncle (and pedicel) have much the same 
structure as have sliCms which bear foliage leaves. In some plantjs the sepals are 
very leaf-like both in external appearance and in their anatomy. In other eases 
they are very similar to the p)etals and like them are largely made up of parenchyma 
cells, and have a finely branched system of very small vascular bundles, and an 
epidermis with practically no cuticle and few, if any, stomata. Except for the 
cells which develop into pollen grains, the stamens are as simple in their histology 
as the petals, for they consist of thin-walled parenchyma cells, one very much 
rtxiuced vascular bundle, and an epidermis having little or no cuticle. The pistil 
also is of relatively simple internal structure, although the fniit into which the ovary 
develops generally has a well-developed epidermis (sometimes with exceedingly 
thick cuticle). 

Description of Flower Parts. — Sepals . — In tho flower bud the petals, 
stamens, and pistils are usually enclosed within the c-alyx. This pro- 
tects the parts within from mechanical injury, from rain, and from 
drying out. In keeping with the protective function which they serve 
in the bud, the sepals are generally of firmer texture than the other 
flower parts. Sometimes when the petals are lacking, as in Clemaiis, 
the sepals, instead of being relatively small, green, and leaf-like, bec^ome 
large, highly colored structures similar to typical petals, and perform 
the same function as the petals. 

Petals . — In many flowers the petals attract insects, which may 
carry pollen from the stamens of one flower to the tip of the pistil 
(stigma) of another. This transfer of pollen from the stamen to the 
stigma is essential to seed formation. The petals may attra(;t inse(;t 
visitors not merely by their large size and conspicuous coloration but 
also, in the case of some species, by their perfume and by the sweet 
product (nectar) of sugar-secreting glands or nectaries. 

The color of the petals may be due (1) to pigments dissolved in the 
sap of their cells, (2) to pigments contained in chromoplasts, or (3) to 
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both chromoplast pigments and cell sap pigments in the same cells. 
The colored substances dissolved in the cell sap of the vacuoles are gen- 
erally anthocyanin pigments and the resulting coloration is red, blue, 
or viohit, as in the garden geranium {Pelargonium), Iris, and violet 
(Viola). The color of these pigments changes with the acidity of the 
cell sap. The change in the color of many red or blue flowers as they 
grow older is due to a change in acidity within the cells. Carotene is 
principally responsible for the yellow, orange, and red coloration of 
petals in which the pigment is in the chromoplasts. Some of the colors 
of wallflowers (Cheiranthus) and of nasturtium (Tropaeolum) (in this 
(\‘ise, of the sepals) are 
due to the presence, 
in certain of the cells, 
of both colored sap 
and chromoplasts. In 
white petals, no pig- 
ments are present. 

'The intense whitenciss 
is due to the reflection 
of light from the num- 
('rous air-filled iiiter- 
(•(‘llular spaces in the 
tissue, just as foam 
is white because of the reflection of light from air masses within the 
bubbles. 

The odor produced by the petals is due to ethereal oils and esters 
excreted by certain spcxial cells. Both odor and color are in some 
instances used by the saiiK* plant to attra(*t insects. Very showy flow- 
ers, however, an^ often without odor, and inconspicuous flowers, if 
insect-pollinated, are frecjuently fragrant. 

Necbxricis, when present, are often found near the base of the petals 
but may occur elsewhere in the flower. 

Stamens . — The filament or stalk of the stamen serves to support 
the anther, which performs the essential function of the stamen, namely, 
pollen production. The anther generally consists of two lobes, rimning 
lengthwise, and united by a band of tissue called the connective. If an 
unripe anther is cut crosswise it can be seen that each lobe contains two 
longitudinal cavities, pollen sacs, within which the pollen grains are 
produced. A short time before the pollen is shed the two pollen sacs 
in each lobe of the anther become one chamber as the result of the 
breaking down of the tissue between them. Then a longitudinal slit 
by which the ripe pollen escapes develops in the wall of each anther lobe. 



Fig. 181. — Cross section of an open anther of lily 
{Lihum). Note that the walls separating the two 
pollen sacs of each anther lobe (tlieca) have broken 
down so that but one chamber now exists in each half 
of the anther. 
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The form of the stamens is remarkably uniform in most flowers, but 
there are a number of peculiar departures from the common type. 

Pistils . — If a pistil shows evidence of consisting of a single ovule- 
bearing floral leaf (called a carpel) it is spoken of as a simple pistil. The 
flowers of the buttercup {Ranunculus) and of the strawberry {Fragaria) 
have simple pistils. When, as is more common, a number of carpels 
together form a single pistil, it is called a compound pistil. Examples 
of plants with compound pistils are tobacco {Nicotiana) with two car- 
pels, lilies {Lilium) with three, and poppy {Papaver) with many carpels. 
Whether the pistil be simple or compound it generally (consists of a 



Fig. 182. — Three types of pistils. A, simple B, r*om pound with styles free. 
Cj compouud with one style. (Redrawn from Berg and Schmidt.) 


stigma, a style, and an ovary, although in some flowers the style is very 
short or entirely lacking. The stigma often has its surface roughened 
by short, cellular outgrowths. It sometimes secretes a sweet and sticky 
solution, the stigmatic fluid. In some wind-pollinated plants such as 
the grasses, the stigma is often much branched. In Indian corn {Zea 
mays) the styles (corn silk) are very long and filamentous. In flowers 
with simple pistils (each consisting of but one carpel) the ovary has a 
single cavity (locule). In such a pistil the line of union of the twi. 
edges of the carpel is called the ventral suture, and the line corresponding 
to the midrib of the floral leaf (carpel) is called the dorsal suture. When 
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the simple pistil of the bean and most other members of the pea family 
{Leguminosae) develops into a fruit (pod) it splits easily along these two 
sutures. 



183. — Photomicrographs showing three types of placentation. A , free central, 
l()ngitudiiial section of ovary {Dodccathcon); R, parietal, cross section of ovary 
{Ribes); C, axile, cross section of ovary (Fuchsia). 


In compound pistils the number of loeules commonly corresponds 
to the number of carpels, but the carpels of a compound pistil may, 
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however, be fused along their edges so that a single chamber or locule 
is enclosed. 

The regions within the ovary to which the ovules are attached are 
called placentae (singular placenta) (Fig. 183) ; and the way in which 
the placentae are distributed in the ovary is called placentation. In 
most flowers the number of placentae is the same as the number of 
carpels in the pistil, and in such cases the placentae generally correspond 




r'S 


‘ Calyx 
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Placentas 
Ovary wall 
“ Ovule 


Fjn. 184. — Photomicrograph of a cross-section of a toliacco flower, through tlie 
ovary. Note that the flower is synsepalous, sympetalous, and syncarpous 
The two placentas are large and more or less fleshy, the placentation axial, and 
the ovules small and numerous. 


quite evidently to the in-rolled or to the united edg(*s of the carpels. If 
the placentae an^ on the ovary wall, as in the currant and gooselxuTy 
{Rihes) (Fig. 183) they are said to be parietal. If they an^ borm; on tlu^ 
axis of an ovary which has several loeules, as in lilit^s {LiUum)y th(‘y 
are said to be axile (Fig. 183). Of much less frequent occurrent^e than 
parietal or axile placentation is central placentation, in which the 
ovules are borne on the axis of a unilocular ovary (ovary with but one 
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locule). This type of plaeentation occurs in the primrose family 
{Primulaceae) (Fig. 183). 

The number of ovules in an ovary ranges from one, as in the buck- 
wheat family {Polygonaceae) and the grass family (Gramineae) ^ to many 
hundreds in tobacco (Nicotiana) and most orchids. The ovules are 
small structures, generally oval in form and attached to the placenta 
by a short stalk called the funiculus. In most plants the funiculus is 


^Integuments 





Fig. 185. — A-F stap:e.s in the development of an ovule; 0, TJ and / three types of 
atiaehment of the ovule. {F (o /, in section.) (A-F, redrawn from Gray; 
G-/, redrawn from Prantl in Engler and Prantl's Nat. Pflanzenfam.) 


sharply bent at the base of the ovule (see Figs. 185, I and 186) so that 
the ovule tip is directed downward toward the placenta. Sometimes 
the ovule is attached to the funiculus in the manner shown in Figs. 
185, G and 185, H. 

The ovule first appears as a slight protuberance upon the surface 
of the placenta. This protuberance develops into a projecting mass 
of tissue with a rounded end (the nucellus). From the base of this 
there arise later two layers of tissue which grow up around the nucellus 
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and enclose it except for a narrow pore at the end of the ovule. The 
two layers of tissue which thus surround the mature ovule are called 



the inner integument and 
the outer integument. In 

the most common type of 
ovule, in which the fun- 
iculus is sharply bent at its 
attachment to the ovule so 
that the ovule is directed 
downward toward the pla- 
centa, the outer integu- 
ment generally does not 
develop on the side of the 
ovule toward the funiculus. 
In some specaes only one 
integument is formed. The 
pore leading from the out- 
er surface of the ovule be- 
tween the (idges of the 
two integuments down to 


Fia. 186. — Stages in the development of an ovule, 
showing the origin and growth of the integu- 
ments and the formation of the embryo sac. 
Ay inner integuments beginning to grow up 
about the nucellus. 5, outer integuments are 
appearing. The continued growth of these in- 
teguments is shown in the figures which follow 
(C-J). By the embryo sac mother cell which 
has developed from one cell of the nucellus. The 
nucleus of this one cell has the number of 


the surfa(^o of the nucellus 
is (‘ailed th(' micropyle. 

TYPES OF FLOWERS 

Thus far we have de- 
scribed the features corn- 


chromosomes. C, the embryo sac mother cell 
has undergone one division (the reduction divi- 
sion), to form two cells, each with number 
of chromosomes in their nuclei. Z), each of the 
two preceding cells has divided, resulting in a 
row of four cells imbedded in the nucellus. Ey 
three of the cells (the ones nearest the micro- 
pyle), degenerate and disappear, whereas the 
basal cell of the four enlarges greatly. F, em- 
bryo sac with one nucleus which has “n” chrom- 
osomes. Gy 2-nucleate embryo sao. Hy 
4-nucleate embryo sac. /, 8-nucleate embryo 
sac. Jy mature embryo sac, with 2 synergids cells 
and 1 egg cell at the micropylar end, 2 polar 
nuclei near the center, and 3 antipodal cells. 


mon to all or most flowers, 
but actually flowers anj 
very diverse in size, color, 
structure, and many other 
respects. We shall at- 
tempt to point out only a 
few of the most conspic- 
uous and most important 
of the differences of flower 
structure commonly met 


with. 


1, Absence of Certain Parts. — A flower which has all the usual 
flower parts (sepals, petals, stamens, and carpels) is called a complete 
flower. Some plants have flowers which are lacking in one or more of 
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the four kinds of flower parts generally present. In many such incom- 
plete flowers the perianth (sepals and petals) is absent; in others the 



Micropyle' 

Fig. 187. — Longitudinal section of a lily (Lilium) ovule showing the embryo sac 
ready for fertilization. At the end of the embryo sac nearest to the micropyle 
are the two syiiergids and the egg cell; at the opposite end are the antipodal 
cells and in the center are the polar nuclei. 



Fig. 188. — A flower of Sedum acre (a stonecrop). To the left of the drawing of the 
flower is a floral diagram showing the number and arrangement of the flower 
parts. 


calyx is present but the corolla is lacking, and in still other incomplete 
flowers it is one or the other of the essential flower parts (stamens or 
carpels) which is not present. 
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Flowers without Perianth . — The absence of the perianth or its 
reduction to mere scales or hairs is characteristic of the flowers of such 

monocotyledons as the 
- grains and grasses (Gra- 

i/J (Fig. 203), the 

sedges (Cyperaceae), and 
the calla lily family {Ar~ 
aceae). Among the dicoty- 
ledons, the willow family 
(Salicaceae) which includes 
the willows and poplars, 
the alder (Alnus), the syca- 

Fia. 189.— Flower of beet (Beta vulgaris), which more {Platanus), and many 
has a calyx but lacks a corolla. v4, floral dm- other plants have flowers 
gram. B, face view. (After Robbins, from ^ i 

Botany of Crop Plants.) Without perianth. With 

very few exceptions, flowers 
that have no perianth are wind-pollinated and have no need for con- 
spicuous flower parts to attract inse(‘ts. Most plants whose flowers 




Fig. 190. — The imperfect flowers of field pumpkin (Cucurhita pepo). A, pistillate 
flower; B, staminate flower. (After Robbins, from Botany of Crop Plants ) 
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lack a perianth and are wind-pollinated are thought to be descended 
from plants which were insect-pollinated and whose flowers possessed a 
perianth. 

Flowers Having Calyx but Lacking Corolla. — Man 5 ’’ of the flowers 
which have sepals but lack petals are inconspicuous and apparently not 
fitted to attract insects; but in others the sepals are large and con- 
spicuously colored, and so take the place of the petals in relation to 
insect pollination. The nettle family 
( Urticaceae) and the goosefoot 
family {Chenopodiaceae) ^ to which 
belong the beet (Fig. 189) and the 
pigweed, furnish examples of wind 
pollinated plants with flowers wliich 
lack petals and in which the sepals 
are not conspicuously petal-like. 

Clematis^ wild ginger {Asarum)^ 
and Dutchman’s pipe {Aristolochia) 
are plants whose flowers lack petals 
but whose sepals serve the usual 
function of petals. 

Flowers Lacking One of the 
Essential Parts. — Some species have 
incomplete flowers which lack either 
stamens or pistils. In these s{)ec‘ics 
there must obviously be two kinds 
of in (complete flowers if seeds are 
to be produced, namely, stamen- 
bearing or starninate flowers and 
pistil-bearing or pistillatci flowers. 

Such incomplete flowers are said 
to be imperfect to distinguish them 
from hermaphrodite or perfect 
flowers (flowers with both stamens 
and pistils) such us are borne by 
most plants. Most species with imperfect flowers are thought to have 
evolved by reduction (loss of parts) from anc(\stors which had perfect 
flowers. 

In some cases both starninate and pistillate flowers occur upon each 
individual plant of the specaes. This is true of Indian corn or maize 
{Zea mays) where the tassel (borne at the top of the stalk) consists of a 
group of starninate flowers and the young ear is a group of pistillate 
flowers. Other familiar examples of plants with imperfect flowers are 



Fig. 101. — The imperfect flowers of 
field pumpkin {Cucurhita -pepo) with 
perianth removed. A, pistillate 
flower. B, starninate flower. ( Vfter 
Robbins, from Botany of Crop Plants.) 
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the hazel (Corylus), oak (Quercus), cucumber (Cycumis), and walnut 
{Juglans). In other cases the pistillate flowers are produced by one 
individual plant and the staminate by another. In such instances 
there will be no seed production unless at least two individuals (a stam- 
inate plant and a pistillate plant) are growing near enough together 
for the pollen to be transferred. There are relatively few species of 
plants bearing the two kinds of imperfect flowers on different individuals. 
Some of the most familar are the date palm {Phoenix dactyUfera)^ hop 
(Humulus), asparagus, willows (Salix), and poplars {Populus), In the 



Fig. 192. — Asparagus flowers, in sec- 
tion. A, staminate flower, with 
abortive pistil; B, pistillate flow^er, 
with abortive stamens. These two 
types of flowers are normally borne 
on separate individual plants. 


date palm and the tropical papaya 
tree {Carica) it is desirable that most 
of the individuals be pistillate, since 
these alone can bear the edible fruit. 
There are many species which pro- 
diu^e, in addition to pistillate and 
staminate flowers, perfect (herma- 
phrodite) flowers also. Examples of 
such plants are ccrtainmaples {Acer), 
and some species of ash {Fraxinus), 
2. Spiral Arrangement of Flower 
Parts. — Although by far the greater 
number of flowers have the flower 
parts disposed in circles or whorls 
about the axis of the flower, there are 
plants, such as magnolia, in which 
the arrangement of one or more sets 
of flower parts is spiral. When they 
are so arranged the number of the 
parts is generally greater than in 
flowers with the parts arranged in 


whorls. 

3. Differences in the Number of Parts in Different Whorls. — In 

many flowers the number of members in each of the whorls is the 
same. Examples of such flowers are the flag {Iris), some species of 
Rhododendron, and certain species of Crassula. In many flowering 
plants the stamens are more numerous than any of the other flower 
parts, and frequently the number of carpels is less than that of any other 
members. Thus in the pea and in all the other familiar members of 
the bean family {Leguminosae), though the sepals and petals are each 
five in number, the stamens are ten and there is but a single carpel 
(Fig. 195). 
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4. Differences in Form among the Members of a Whorl. — Most 
flowers are star-shaped, that is, have a corolla made up of similarly 
shaped petals equally spaced and radiating out from the center of 
the flower (Fig. 188). Flowers of this type almost always have a similar 



Fig. 193. — Maize, or Indian corn. At left, pistillate inflorescence or “ear”; at right, 
starninate inflorescence or “tassel.” (From Robbins, in Botany of Crop 
Plants.) 


arrangement of the other flower parts and are usually regular flowers in 
that all the members of each whorl are of the same form. 

There are, however, many flowers which are not tegular and gen- 
erally in these one or more members of at least one whorl are of differ- 
ent form from the other members of the same whorl. Among the most 
familiar examples of such irregular flowers are the blossoms of peas 
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Calyx l(»be 


Fig. 194. — The epigynous flower of Fuchsia, 
showing united sepals (synsepaly), separate 
petals attached to rim of calyx tube, and 
united carpels (syncarpy). Right, cross- 
scction of ovary, showing four locales, and 
axilc placentation; left, median lengthwise 
section of flower. 

5. Union of Flower Parts. — In most 
being merely attached at the 


and beans and most other plants 
of the Leguminosae (Fig. 195). 
In the peas and beans one petal 
(thebanner or standard) is broad 
and conspicuous. On either side 
of this are two somewhat nar- 
rower petals (the wings), and 
opposite the banner two smaller 
petals which are loosely united 
along their edges to form the keel 
which encloses the stamens and 
pistil. In the violets the petals 
are not alike and one of them 
forms a tube or spur at its base; 
two of the stamens also are dif- 
ferent from the other three and 
have spur-like appendages which 
bear nectaries. Flowers such as 
these do not have radial sym- 
metry but at the most bilateral 
symmetry, which is to say that 
there is only one plane along 
which they can be cut into 
halves, each of which is like 
the mirrored image of the other, 
flowers, instead of all the parts 


base to the receptacle and 
entirelyfree from each other, 
those of one or more whorls 
are to some extent united 
with each other or to the 
members of other whorLs. 
Union of the parts of a 
whorl may involve carpels 
(syncaipy), stamens (syn- 
andry), petals (sympetaly), 
or sepals (synsepaly). 

Syncarpy . — There are 
many plants whose flowers 
have but a single carpel, for 
example, all the pea or leg- 



Fia. 195. — Bilaterally symmetrical flower of a 
legume {Leguminosae). A, floral diagram of 
horse bean (Vida faba). B, corolla of a sweet 
pea flower (Lathyrus odoratus), dissected, 
diagrammatic. (A, after Eichler, B, after 
Bergen, from Robbins’ Botany of Crop Plants.) 
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ume family (Leguminosae) (Fig. 195) and the barberry and most of 

the barberry family {Ber~ a 

hei'idacae) . Most flowers » 

which possess several carpels 3 If 

have the carpels more or less 

united into a compound / jJ^ 

pistil. In some instances, 

however, as in strawberry 

(Fragaria) and raspberry 

(Fig. 196) and blackberry 

(Rubus), the flowers have 

numerous carpels which are . .p i 

there are respectively three recepuci. 

and five carpels united to ^ Jr " ' "-Wmof 

form a single pistil. Some- \ 'f Medulla of 

times the fusion between 1 : E » , >«oeptacie 

carpels docs not extend S f 

throughout their length, so -I I ' 

that though there may be Fig. 196.— Photomicrograph of median length- 
but one ovary there are wise section of raspberry flower, showing the 
. numerous separate carpels attached to a 

sev('Tal stigmas or several common receptacle. 

styles and stigmas as in 

flax {Linum) and wood sorrel (Oxalis), 


Medulla of 
receptacle 


— Corolla segment 


. - -Filament 


Cortex of 

receptacle 

* Rim of 
receptacle 


Fig. 196. — Photomicrograph of median length- 
wise section of raspberry flower, showing the 
numerous separate carpels attached to a 
common receptacle. 



Fig. 197. — The cpigynous flower of the huckleberry (Vaccimum)^ showing united 
sepals (st/ use pall/), united petals (sympeMy), and united carpels (syncarpy). 
A , median lengthwise section. 5, external view. (After Robbins, from Botany 
of Crop Plants.) 
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Synandry. — In the flowers of beans and peas and many related 
plants, nine of the ten stamens, or in some cases all ten, have their 
filaments united into a sheath which surrounds the pistil, but the 
anthers are free. In the sunflower family {Compositae), on the other 
hand, the anthers are united and form a tube around the pistil while 
the filaments are free. There are many other flowers in wliich there is 
a union of the stamens. 

Sympetaly and Synsepaly. — In many flowers the members of one or 
both perianth whorls are united along the edges with other members of 
the same whorl. There are many familiar flowers which show distinctly 
a more or less complete union of the petals. Morning glory {Ipornoea)^ 
huckleberry {Vaccinium) (Fig. 197), potato (Solanuni) (Fig. 199), and 
sunflower (Helianthus) are a few among many thousands of such sym- 
petalous flowers. As the corolla 
is often sympetaloas, so th(i 
calyx is often synsepaloiLs. Ex- 
amples of partial or complete' 
union of the sepals along their 
edges are found in the flowers of 
sage {Saliia) and other mints 
{Lahiatae), of evening primrose' 
{Oenothera), of the pea or legume 
family (Leguminosae) , and of 
several other families. 

Union between Members oj 
Different Whorls. — Union of the 
stamens with the carpels is not 
of frequent occurrence. The 
so-called column of the orciiids 
is a structure resulting from the 
fuvsion of stamens and style, and 
in the Dutchman’s pipe {Aristo- 
lochia) the same parts are 
unitcnl. In many plants, such as 
pimpernel {Anagallis), morning 

Fig. 198.— Flower of cotton (Gossypium) in glory Upomoea), peppermint 
median longitudinal section. In this, the \ 

filaments of the stamens are united (syn- {Mentha) and potato {bolanum) 
amiry) U) form a long tube (“staminal col- (Yig. 199) the stamens are 
umn”) enclosing the style. (After Rob- x ii 

hina, from Botany of Crop Plants.) united at their bases to the 

petals. 

Hypogyny, Perigyny, and Epigyny (Fig. 198). — When the receptacle 
is convex or conical, the whorls of flower parts are situated one above 


jfi^rrkw-- 
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another and in the following order, beginning with the lowest: sepals, 
petals, stamens, and carpels. Such a flower is said to be h3rpog3riious 
(J'ig. 201, A), When the receptacle spreads out into a more or less con- 



Fia. 199. — Flower and fruit of potato (Solanum tuberosum). 4, mature fruit, a 
berry. B, median lengthwise section of the flower. C, floral diagram. Note 
that the stamens are attached to the sympetalous corolla. (After Robbins, from 
Botany of Crop Plants.) 



Fig. 200. — Perigynous flower of sour cherry {Prunus cerasits) in median lengthwise 
section. (After Robbins, from Botany of Crop Plants.) 
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cave structure (as in Prunus) (Fig. 200), at the center of which the pistil 
is attached, and at the margins of which the sepals, petals, and stamens 
have their origin, so that these parts seem to be attached around instead 
of below the ovary, the flower is said to be perigynous. The term 
perigynous is also applied to flowers (such as those of most saxifrages) 





Fig. 201. — Diagrams showing the structure of (yl) hypogynoiis flower, (B and T) 
perigynous flower, the latter being of a type in which the lower jiortion of the 
ovary is buried in the receptacle, and {D) epigynous flower. 


in which only the lower portion of the ovary is buried in the receptacles 
(Fig. 202). If the concave receptacle not only surrounds the ovary 
but is fused with it so that the other flower parts appc'ar to arise from 
the top of the ovary, the flower is spokem of as epigynous (Fig. 201, D), 
The fruits formed by epigynous flowers often b(‘ar at the unattachcHl 
end the withen^d remains of the sepals and the stamens, or of other 
flower parts. The primrose {Prbmda) and the tomato {Ly coper fitcurn) 
have hypogynous flowers; the cherry, peach, and plum (specie's of the 
genus Prunus) (Pig. 200) have perigynous flowers; and the apple (a 
species of Pyrus) and the sunflower ( II chanihus) have ('pigynous 

flowers. 

Two types of flowers deserve 
special discussion, both because 
they differ so widely in struc- 
ture from most flowers and 
because they are characteristic 
of two of the most important 
families of flowering plants — 
the grass family {Gramineae) y 
which includes all the grains, 
and the sunflower or aster fam- 
ily {Cempositae) . 

The Structure of the Grass 
Flower. — In the grasses the flowers occur in small groups called spikelets 
(Figs. 203 and 204). A large number of these flower groups or spike- 



Fia. 202. — Longitudinal median section of 
flower of saxifrage, showing a perigynous 
type of flower in which only the lower por- 
tion of the ovary is buried in the recep- 
tacle. (See Fig. 201, C.) 
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lets are produced on one flower stalk and form an inflorescence. In 
some instances, as for example, in wheat {Triticum), barley {Hordeum), 



Fia. 203. — Wild oats {Avena fitiin). (Right) — the inflorescence, a panicle. 
(Upper left)— a single spikelet with three fertile flowers and one sterile flower. 
(Lower left) — a single flower. (After Jepson, from Flora of Economic Plants.) 
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and timothy (Phleum pralense), the spikelets are attached directly 
to the unbranched main stem or rachis of the inflorescence which latter 
is then called a spike. In others, the spikelets grow at the ends of 
branches of the rachis, forming an inflorescence which is known as a 
panicle. In the panicle of the oat (Avena) (Fig. 203) the branches of the 
rachis are long and slender. 



Fig. 204. Fig. 205. 

Fig. 204. — A single spikelet of wheat (Triticum). (After K()])l)iris, from Botany o] 

Crop Plants.) 

Fig. 205. — Jerusalem artichoke {Ilelianthus tuhcrosus). A, longitudinal section of 
the head (inflorescence)^ showing the numerous sejiarate flowers attached to a 
common receptacle. B, a single ray flower. C, a single disc flower, cut length- 
wise. (-Aitcr Robbins, from Botany of Crop Plants.) 

The spikelet has a shortened axis, generally spoken of as the rachilla, 
and this axis bears a number of chaffy, two-ranked, overlapping, bract- 
like structures. The two (rarely three or four) of these at the base of 
the spikelet are larger than the others and enclose the rest of the spikelet. 
They are called glumes. The number of flowers in a spikelet differs 
in different species. Each flower of the spikelet is enclosed between two 
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bracts which usually are very similar to the glumes but smaller in size. 
The lower of these bracts (the one with its back turned away from the 
rachilla) is the lemma; the upper one (with its back toward the rachilla) 
is the palea or palet. 

The flower proper 
consists (Fig. 203) of a 
single pistil with three 
carpels (two abortive), 
three stamens, and two 
small scale-like struc- 
tures (lodicules) which 
are at the base of the 
ovary. Th(' ovary con- 
tains a single ovule and 
has two feathery, 
much-branched stigmiLs. 

The stamens at ma- 
turity have long and 
slender filaments and 
the antliers are versa- 
tile, that is, attached 
at about the middle to 
the end of tlie filarrumt 
and in such a manner 
that they swing freely 
in the wind and are 
thus erupt i('d of tlieir 
fine, po^\'d('ry pollen. 

The typical grass flower 
has no sepals or petals 
but the lodicules prob- 
ably represent two re- 
duced perianth seg- 
ments. ddie flower 
parts remain enclosed 
within the lemma and 
palea until they are 
mature and ready to 
function. Then if 

weather conditions are favorable the lodicules swell and force the 
lemma and palea apart so that the plume-like stigmas and the stamens 
protrude. At the same time the filaments rapidly elongate. Thus 



Fig. 206 . — Flower heads of Shasta Daisy (ChryaarUhe- 
mum leucanthemuvi) and, on the left, ray flowers 
somewhat enlarged. Alx)vc, the familiar type with 
strap-shaped ray flowers, showing, in the enlarged 
flower, the tips of three of the five petals which 
together form the (strap) corolla of the ray flower. 
Below, a variety with tubular coroUa-Iike ray 
flowers. The ray flowers of most members of the 
sunflower family (the Compositae) are generally 
incomplete, the stamens being absent. 
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the anthers can readily discharge their pollen into the air and the 
stigmas may receive the wind-borne pollen. 

The Structure of the Composite Flower. — In such plants as the sun- 
flower {Helianthus) (Fig. 205), the aster {Aster) ^ dandelion (Taraxa- 
cum) , brown-eyed Susan (Rudheckia) and the globe artichoke (Cynara), 
what we ordinarily speak of as a flower is, as a matter of fact, a compact 

inflorescence or group of flowers 
called a head. Each of these 
small (true) flowers, if complete, 
consists of (1) a pistil made up of 
two carpels and having an in- 
ferior ovary and a straight style 
with a two-parted stigma, (2) 
five stamens with filaments free 
but with anthers united into a 
tube w^hich surrounds the style, 

(3) a (‘orolla of fiv(' petals, and 

(4) a calyx which is reduced to 
a mere ring of tissues or to a 
cluster of scales or bristles, col- 
lectively called the pappus. In 
many of the Compositae there 
are tw^o kinds of dowsers in each 
head, tubular flowers and ligulate 
flowers. The disc* flowers wdiich 
make up the c^cmtral part of the 
head are tubular, wdiereas in the 
ray flow^ers, which are around 
the edge of the head, the corolla 
forms a strap-shaped (ligulate) 
structure which suggests a single 
petal of an ordinary flow^er. In 
some cases, as in the dandelion 
and lettuce (Lactua), the heads 
are entirely made up of ligulate 

flowers like those just described. In others, such as the globe arti- 
choke (Cynara) and the burdock (Lappa) y the flowers are all tubular. 
In those cases where there are both ligulate flowers and tubular flowers, 
the ligulate flowers are generally incomplete, being without stamens or, 
in some instances, lacking both pistil and stamens. 

In certain plants, not belonging to the Compositae, what is ordinarily 
spoken of as a flower is actually a compact cluster of small flowers sur- 



Fig. 207. — The so-called flower” of 
mountain dogwood (Cornus nutlallii) 
which is a compact cluster of small 
flowers surrounded hy several large, 
conspicuous bracts which are often mis- 
taken for petals. 
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rounded by a number of large and conspicuous bracts which frequently 
are mistaken for petals. Examples of such plants are certain species 
of dogwood {Coryius florida and Cornus nuttallii) with white bracts, 
Poinsetiia, which has brilliant red bracts, and Bougainvillea, the different 
varieties of which have bracts of various colors. 

THE PRINCIPAL KINDS OF INFLORESCENCES 

In some plants, such as Anemone, Trillium, and tulip (Tulipa), the 
flowers are borne singly at the end of a flower stalk or peduncle. In the 
great majority of flowering plants, however, the flowers are borne in 
groups or inflorescences resulting from the branching of the main axis 
or peduncle. There are many types of infloresceiujes depending (1) upon 
the manner of branching of the peduncle, (2) upon the time when differ- 
ent flowers in the group mature, and (3) upon the length of branches 
(pedicels) at the ends of which the flowers are borne. Almost all of 
these belong to one of two classes: (1) racemose inflorescences and 
(2) cymose inflorescences. 

Racemose Inflorescences. — In racemose inflorescences the main 
axis continues to grow in length, as the result of the persistence of a 
primordial ineristem at the tip. New floral bracts (reduced leaves in 
the axils of which the flowers are borne) and new buds are formed at 
the growing point so that there is a more or less indefinite suc(*ession of 
flowers, the oldest being at the base of the inflorescence and the young- 
est nean'st to the growing point. In such flower clusters there may be 
flowers ne:ir tlu* bas(' of the inflorescence which have become mature 
and have given rise to fruits which arc almost mature, while at the 
upper end minute buds containing very rudimentary flowTr parts may 
be forming. The principal types of racemose inflorescences are de- 
scribed below. 

THE PRINCIPAL KINDS OF RACEMOSE INFLORESCENCES 

I. SIMPLE RACEMOSE INFLORESCENCES. — The flowers borne on the main 
axis of the inflorescence, either sessile or on pedicels. 

1. The Raceme. — The main axis of the inflorescence elongated but the flowers 
borne on pedicels which are about equal in length. Examples: The hyacinth {Hya- 
cinihus)^ cabbage (Brassica oleracea)y and currant (Ribes). 

2. The Spike. — ^The main axis of the inflorescence elongated and the flowers 
sessile. Example; The common plantains (Plantago major and Plantago lanceolata), 

3. The Catkin. — A spike which generally bears only pistillate flowers or only 
staminate flowers and which event\ially falls off from the plant entire. Examples: 
The willow (Salix) and the hazel iCorylus). 
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Fig. 208. — Diagrams showing the arrangement of flowers in some of the principal 
types of inflorescences. The flowers are represented by circles. J’edieels and 
subtending floral bracts are also shown. 'Jdie numbers show the order in whicli 
the flowers of an inflorescence have develop(‘d, the flower marked 1 liemg in each 
case the oldest in the inflorescence. In the case of the panicle the letters a-d 
show the succession in which the flowers on the lowermost branch were formed. 
Note that all these inflorescences are racemose except the cyme. 

4. The Corymh . — The main axis of the infloresceiicc][^elongatcd but the pedicels 
of the older flowers^onger than those of the younger flowers so that the flowers 
are all in one plane, i.e., the inflorescence is flat-topped. Example: The cherry 
{PrunuLS cerasus). 

5. The Umbel . — ^The axis of the infloresccncejshort and the flowers upon pedicels 
of nearly equal length. Example: The onion {Allium). 

6. The Head. -The axis very short and the flowers sessile (without pedicels). 
Examples: The thistle (Cirsium), sunflower (Ilehanihus), and other members of the 
Compositae. (In this family each so-called flower is an inflorescence of many small 
true flowers.) 
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H* COliIPOUND RACEAAOSC INFLOR£SCEN^C£S*~~Tlic Tumn Axis brAiiclicd 
and each branch bearing a group of flowers. 

1. The Panicle. — The branches of the axis bearing loose racemose flower cluster. 
Examples: The oat {Avena) and the Spanish bayonet {Yucca). 

2. The Compound Spike. — ^The branches of the axis are spikes. Examples: 
Wheat (Triticurn) and rye grass (Lolium). 

3. The Compound Umbel. — The axis much shortened and its branches arranged 
like an umbel, each branch itself bearing an umbel. Examples: The carrot {Dau- 
cus)y the parsnip {Pastinaca)^ and most other members of the family Umbelliferae, 

Cymose Inflorescences. — In a cymose inflorescence the apex of the 
main stalk, or axis of the inflorescence, ceases to grow quite early, 
because the formation of a flower at the very tip involves the entire 
promeristern of the apex of the main stalk and thus prevents further 
elongation. The other flowers are produced on lateral branches farther 
down the axis of the inflorescence, and the youngest of the flowers in 
the cluster are found at the greatest distance from the tip of the main 
stalk. Cymose inflorescences are much less common than racemose. 
The flower cluster of crab apple {Pyrus coronaria) is an example of the 
simplest type of cymose inflorescence. 

In addition to the inflorescences mentioned there are a number of 
mixed inflorescences in which cymose flower clusters are borne on race- 
mose inflorescences, and vice versa. 

REPRODUCTION BY FLOWERS 

In the higher plants, the flower is the organ of reproduction. It is 
from flowers that seeds are produced. In our discussion of reproduction 
by flowers we shall consider the following processes: (1) development of 
the pollen grain, (2) development of the ovule, (3) pollination, (4) growth 
of the pollen tube, (5) fertilization, (6) formation of the embryo and 
endosperm, and (7) development of the seed tissues outside the embryo 
and endosperm. 

Although we have already briefly described the fully developed 
stamens and ovules, an account of the principal features of the develop- 
ment of the pollen grain and embryo sac is also necessary to an under- 
standing of reproduction by flowers. 

Development of Pollen Grain. — In an early stage in the growth of 
the anther there are produced in the young pollen sac, rounded cells, 
called pollen mother cells, each of which by two successive divisions 
forms four pollen grains. In the first of these divisions the nucleus 
divides by meiosis or reduction division, and as a result the number 
of chromosomes is reduced to n, that is one-half the number {2n) which 
are present in the nuclei of most of the cells of the plant. The second 
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division does not involve reduction, and accordingly the nuclei of the 
four pollen grains produced from each pollen mother cell have n chro- 
mosomes. About the lime the pollen grains are shed from the anther 
the single nucleus contained in each divides by mitosis into two, the 
generative nucleus and the tube nucleus. These are not separated by 
a cell wall, but the cytoplasm surrounding the generative nucleus is 
often distinctly differentiated from the rest of the cytoplasm of the 
pollen grain. 

Development of the Ovule. — (See Fig. 186). The ovules first 
make their appearance in the ovary of very young flowers as small pro- 
tuberances from the surface of the placenta. At first the ovule consists 
entirely of young nucellus tissue and shows no indication of the develop- 
ment of integuments, but as the ovule growls, the integuments, originat- 
ing as two collars of tissue around the base of the ovule, grow up round 
the nucellus. In the very young ovule all the cells of the nucellus are 
essentially alike and the nuclei have the 2n chromosome number. As 
the ovule grows, one cell wdthin the nucellus becomes conspicuously 
larger than the other cells, and this cell, which is called the embryo sac 
mother cell, soon undergoes two successive divisions, giving rise to a 
row of four cells. In the first of these two c(‘ll divisions the nuckms 
divides by meiosis, and accordingly each of the four cells has n chromo- 
somes. 

Now the basal cell of the four (the one farthest from the micropyle 
end of the nucellus) grows rapidly in size whereas the other tlin^e soon 
degenerate and disappear. Tiiis single surviving c*ell, the nuedeus of 
which has the n chromosome number, continues to increase in size 
until it makes up a large part of the volume of the nucellus. Its nucleus 
divides and th(i two daughter nuedei move to opposite (mds of th(‘ large 
cell. Each of the daughter nuclei now undc^rgoes two successive nuedear 
divisions so that there is a group of four mndei at the micropylar end 
and a group of four at the opposite (basal ) end of th(i embryo sa(\ One 
nucleus from each group of four now moves toward the center of the 
embryo sac where they come to lie near each other or in actual contact. 
These are the polar nuclei. 

Of the three n'maining nuclei near the micropylar end of the embryo 
sac, two are the so-called synergid nuclei and the third is the egg nucleus. 
Each of these three nuclei, together with some of the surrounding 
cytoplasm, is now separated from the others and from the rest of the 
embryo sac by a very thin membrane so that there are three cells at the 
micropylar end of the sac, namely, two symirgids or synergid cells 
and the egg cell, which is usually spoken of merely as the egg. The 
three nuclei at the opposite end of the embryo sac; are called the antipodal 
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nuclei. Each of these nuclei, together with some cytoplasm, generally 
becomes surrounded by a cell membrane, so that they can now be 
spoken of as antipodal cells. 

Pollination. — The transfer of pollen from the anther to the stigma 
is called pollination. The anthers of the stamens open when the 
pollen is mature and the pollen grains escape. In grass flowers and 
other flowers whose pollen is carried by the wind, the anthers are 
attached to the filaments in such a manner that air movements easily 
swing them back and forth. As a result, the pollen falls from the 
anthers and is launched into the air. The pollen grains, being small 
and light, may be carried considerable distances by a slight breeze. 
Some of the pollen grains, 
although relatively few com- 
pan^d to the great number which 
are lost and nev(T func^tion, thus 
reach thci stigmas of flowers of 
the same species. The stigmas 
of such species are generally much 
branched and plume-like so that 
the chancre of pollen coming into 
contact with them is greater than 
would otherwise' be the case. In 
siu^h plants polkm is often pro- 
duc(*(l in great quantities. Thus 
in Indian corn each group of 
staminate flowe'rs (tassel) may 
produce from 20,000,000 to 50,- 
000,000 grains of pollen. Wind- 
pollination is characteristic of 
most plants with relatively incon- 
spicuous flowers, such as the grasses, poplars, alders, birches, oaks, and 
hops. In a few cases water and birds are the agencies of pollination. 
In the majority of flowering plants, however, pollen transfer is accom- 
plished by bees (which visit thq open flowers and secure nectar for the 
making of honey or to get pollen for the feeding of the young bees in the 
hive), or by other insects. Such plants are said to be insect-pollinated. 
In insect-pollinated plants, the pollen does not fall from the opened 
anthers but sticks to the outside of the shrunken anthers until, through 
contact with the body of an insect, some of it is swept off and adheres 
to the insect. When the insect visits another flower some of this pollen 
may be rubbed off on the stigmas. Except in the case of certain nut 
trees, insects are necessary for the pollination of most orchard trees. 



Fia. 209. — The hind le^s of the honey i)ee 
are well constructed for the collection of 
pollen. (From California Agricultural 
Experiment Station Bui. 517.) 
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Pollen may be transferred from an anther to the stigma of the 
same flower or to the stigma of another flower on the same plant, in 
both of which cases self-pollination is said to have taken place. If 
pollen is transferred from an anther to the stigma of a flower on another 
individual plant, it is spoken of as cross-pollination. 

Some plants are normally self-pollinated. This is true of most 
cereals (except rye and corn), of garden peas, tobacco, cotton, and some 
other plants. In a great many species, however, cross-pollination is 
the rule. Self-pollination, in some species, may be attended by a 
reduction in vigor and productivity. Darwin in 1876 concluded from 



Fig. 210. — Flowers of a primrose showing heterostyly. A, long-styled form. 

B, short-styled form. (After Darwin.) 

his rather extensive experiments in many p'ant families, that, in general, 
the plants resulting from cross-pollination cxctelled in vigor, weight, 
height, and other characters those plants resulting from self-pollination. 
However, there are reasons for believing that the advantages of cross- 
pollination and disadvantages of self-pollination have been overstated. 

In many flowers conditions exist which make self-pollination dif- 
ficult or impossible and which aid or insure cross-pollination. Among 
such conditions are the following : 

1. The anthers of a flower shed their pollen before the stigma of that flower is 
receptive (beet, Beta, and red clover, Trtfolium praiense). 

2. The stigmas mature and become incapable of pollination before the anthers 
open (common plantain, Plantago^ and avocado, Peraea). 




Fig. 211. — Pollen pjrains of various forms and markings. 1. Tragopogon pratensis 

(Oyster plant); 2. Stokesi laems (Stokes aster); 3. Polygonum chinense 

(Knotweed); 4. Fagus grandifolia (Beech); 5. Salix fragilis (Willow); 6. 
Nymphaea advena (Water lily); 7. Juglans nigra (Black walnut); 8. Ambrosia 
trifida (Great ragweed); 9. Ephedra glauca (Joint pine). (After Wode- 
house, from McGraw-Hill Book Company, Inc.) 
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3. The pollen is not capable of germinating on the stigma of the same flower 
{ryCf Secale). 

4. The sfaminatc and pistillate flowers arc borne on different plants (hemp, 
Cannabis; willow, Salix; date, Phoenix; and others). Sucli species have two kinds 
of individuals, staminate and pistillate. 

5. The stigmas and anthers in different flowers occupy different levels. For 
example, in the Chinese primrose {Primula sinensis) there are plants the flowers 
of which have long styles, and short stamens attached at the base of the corolla, 
and other plants whose flowers have short styles, and stamens attached toward 
the upper part of the corolla (Fig. 210). The level of the stigma in long-styled 
forms is approximately the same as that of the anthers in short -styled forms; and 
the level of the stigma in short-styled flowers is about the same as that of the an- 
thers in long-styled flowers. An insect which visits one type of flower receives 
pollen on a part of its body which will be brought in contact with the stigma of the 
other type of flower, thus effecting cross-pollination. 

^ C. The pollen is toxic to the stigma of the flower which produced it. In certain 
orchids the pollen appears to actually cause a withering of the stigma of the same 
flower, but is potent on the stigmas of other flowers. 

The mature pollen grain at the time it is discharged from the anther 
is a spherical or oval structure having two surrounding membrances. 
The inner membrane (intint^) is of cellulose and p(‘ctic substances, 
whereas the outer membrane (exine) consists largely of cutin. The 
outer wall or membrane is frequently covered with ridges, spines, or 
other sculpturings. In many kinds of pollen th(‘se form intricate and 
beautiful geometric designs upon the surface. The protoplasm of the 
pollen grain is dense and contains a large quantity of stored food. 
Vacuoles arc generally absent. 

Formation of the Pollen Tube. — Pollen which reaches the stigma 
adheres to the stigmatic surface, which in many flowers is rough because 
of short outgrowths or papillae, and which in some species produces a 
sticky secretion, the stigmatic fluid. Soon after pollination the proto- 
plasm of the pollen grain absorbs water and swells, breaking the outer 
membrane. The inner membrane is stretched and extends through the 
break in the outer wall, forming a tube, the pollen tube, w^hich j)enet rates 
the tissue of the stigma and grows down through the styles and (‘liters the 
ovary. The pollen of a great number of common plants can be arti- 
ficdally genninated by placing the grains in a sugar solution of proper 
concentration or in some cases merely in water. In a few flowc^rs with 
hollow styk^s, it is not necessary that the pollen tube actually penetrate 
the stylar tissue. In most flowers, however, enzymes are secTcted at 
the tip of the tube, the stylar tissue is dissolved and thus a passage is 
made for the advance of the tube. When the pollen grain germinates, 
vacuoles appear in the protoplasm. Soon the generative nucleus under- 
goes division, forming two nuclei, the so-dalled sperm nuclei or male 
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nuclei. The two sperm or male nuclei and the tube nucleus, together 
with most of the cytoplasm, pass to the tip of the tube and remain 
there as the tube advances. In some flowers the style is very short and 
the tube has only a short distance to grow. For example, in the calla 
lily {Richardia), or beet {Beta)y the distance from the surface of the 
stigma to the ovary is only 2 or 3 millimeters. In certain other flowers 
the pollen tube must grow to a great length before the ovary is reached. 
This is true in Indian corn (Zea mays)j in which the distance from the 




Fig. 212. — Stages in the Termination cf the pollen grain, and development of the 
pollen tube, (Redrawn from Bonnier and Sablon.) 

stigma at the end of the corn silk to the attachment of the silk (style) 
to the young corn grain (ovary) may be as much as 45 centimeters. 

There arc wide differences in the rate of growth of the pollen tube. 
Thus in the autumn crocus {Colchicum autumnalc) the tube takes six 
months or more to grow the length of the style, which is only a few 
centimeters; and in some oaks the tube is almost a year in growing 
2 or 3 millimeters. On the other hand, in the true crocus (Crocus) 
the tube may grow 10 centimeters or more down to the ovary, in two 
or three days. 

Fertilization. — The structure of the ovule and of the embryo sac 
within it has already been described (page 239). It will be recalled 
that the fully developed embryo sac consists of a vacuolated mass of 
cytoplasm generally containing eight nuclei, each with n chromosomes: 
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three antipodal nuclei, two polar nuclei, two synergid nuclei, and one 
egg nucleus (Figs. 186 and 187). 

When the pollen tube reaches the ovary it grows toward one of the 
ovules and enters the embryo sac, generally through the rnicropyle and 
nucellus. In some species, however, it reaches the embryo sac by pierc- 
ing the integuments or the base of the ovule. After entering the 
embryo sac the wall at the tip of the pollen tube breaks, and its cyto- 



Fia. 213. — Stages in the development of the embryo of sheplierd’s purse {Capsella) 
a dicoiyMonous plant. {A-G, redrawn from Coulter and Chamberlain); 
(//, redrawn from Bergen and Caldwell.) 


plasm and the three nuclei are discharged into the sac (Fig. 212). 
Each of these nuclei has n chromosomes. Now one of the male, or 
sperm, nuclei moves toward the egg cell, and soon the sperm nucleus 
and the egg nucleus fuse, forming a single fusion nucleus with 2ri chro- 
mosomes. This fusion of the sperm and egg nuclei is called fertiliza- 
tion, and the fusion nucleus, together with the cytoplasm of the egg 
cell, is called the zygote. The second sperm nucleus passes to the cen- 
ter of the sac, where it fuses with the two polar nuclei, or with a single 
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nucleus in case these have previously united. The nucleus thus result- 
ing from the fusion of these three nuclei is called the endosperm nucleus 
with 3n chromosomes. The tube nucleus soon undergoes disorganiza- 
tion. 

Formation of the Embryo. — Very soon after fertilization the zygote 
becomes surrounded by a cell wall. Then follows a series of cell divi- 
sions, resulting in the formation of a mass of cells which develops into 
the rudimentary plant or embryo of the seed. This embryo grows into 
a new plant when the seed germinates. Since the zygote nucleus has 
2n chromosomes, and since all the nuclear divisions which occur as the 
zygote develops into the embryo and finally into the mature plant are 
mitotic divisions, all the cells of the plant wliich are produced previous 
to the reduction division of the pollen mother cell and the embryo sac 
mother cell have 2n chromosomes. Figure 213 shows a number of 
stages in the development of the embryo from the zygote of Capsella. 

Formation of the Endosperm. — Shortly after fertilization, the 
endosperm nucleus undergoes repeated divisions which are not, how- 
ever, attended by the formation of cell walls. The cytoplasm of 
the embryo sac meanwhile increases in amount as food is supplied from 
the surrounding tissue of the ovule. The numerous endosperm nuclei 
and this cytoplasm come to line the embryo sac and finally may fill the 
whole sac, except for the space occupied by the developing embryo. 
Sooner or later there is an almost simultaneous formation of cell walls 
between all the endosperm nuclei so that there results a mass of tissue 
called the endosperm. 

Fate of the Synergids and Antipodal Nuclei. — In many plants, one or 
both of the synergids arc destroyed by the pollen tube as it enters the 
embryo sac. The antipodal nuclei, which in some plants are sur- 
rounded by walls even before the pollen tube enters the embryo sac, 
may persist for some time. In some species they increase in number, 
apparently serving to absorb food for the embryo sac from the tissue 
at the base of the ovule. These cells, and the synergids as well, sooner 
or later undergo disorganization. 

Further Development of the Seed. — Fertilization stimulates the tis- 
sues outside the embryo sac to active growth sO that the whole ovule 
increases greatly in size. Thus the seed may grow to be hundreds of 
times as large as the unfertilized ovule. In addition to increasing in 
number, the cells of one or both integuments of the ovule undergo great 
changes in the nature and thickness of their cell walls, and thus the 
seed coats are formed. The nucellus generally disappears before the 
seed is fully developed. It may, however, as in certain water lilies, 
make up a large part of the seed. The endosperm grows actively, at 
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least during the early part of the seed's development. In some plants, 
such as the bean {Phaseolus)y pea {Pisum)y and other legumes, the endo- 
sperm is entirely used up by the embryo before the seed ripens. In 
such cases the mature seed consists only of an embryo and one or more 
seed coats. In other species (all grasses, for example) much of the 
endosperm remains, even in the ripe seed. It is then available as a 
source of food for the embryo during germination. 

Effect of Fertilization on Fruit Formation. — The effect of fertiliza- 
tion generally extends to the ovary and starts growth and differentiation 
of its cells, thus resulting in fruit formation. In the apple, pear, and 
several related plants, the receptacle is also stimulated to growth and 
takes part in the formation of the fruit. 


SUMMARY OF THE PROCESS OF REPRODUCTION BY FLOWERS 

The Structures Involved: 

(а) Pistil consisting of ovary, style, and stigma. 

(б) Ovule or ovules in the ovary. 

(c) Mature embryo sa(; in (^ach ovule, consisting of six cells and 
two naked nuclei (each of the eight nuclei with n chromosomes) : 

(1) Two synergid cells. 

(2) One egg cell. 

(3) Two polar nuclei. 

(1) Thr(*e antipodal cells. 

(d) Stamens, each consisting of filament and anther. 

(e) Pollen grains in the anther, each generally containing, when 
shed, two niK^lei (each with a chromosomes) as follows: 

(1) One tube nucleus. 

(2) One generative nucleus. 

(/) Pollen tube with tube nucleus and two sperm nuclei (each with 
n chromosomes). 

The Process: 

(а) Development of pollen grain involving reduction division of 
pollen mother cell. 

(б) Development of the ovule and the embryo sac involving the 
reduction division of the embryo sac mother cell. 

(c) The transfer of pollen from an anther to the stigma (pollination). 
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(d) Germination of the pollen grain on the surface of the stigma, 
and growth of the pollen tube through the tissue of the stigma 
and style to the ovule, where it passes through the micropyle and 
penetrates the nucellus, thus entering the embryo sac. The 
generative nucleus has meanwhile divided into two sperm nuclei. 

(e) Dissolution of the tip of the pollen tube and discharge of the 
tube nucleus and two sperm nuclei into the embryo sac. 

(/) Fusion of one sperm nucleus with the egg nucleus to form the 
zygote (fertilization), involving the doubling of the chromosome 
number. 

(g) Fusion of the other sperm nucleus with two polar nuclei, to 
form the endosperm nucleus. 

(h) Disorganization sooner or later of the tube nucleus, the synergid, 
and the antipodal colls. 

{i) Development of the embryo from the zygote. 

(j) Development of the endosp('rm tissue by division of the endo- 
sperm nucleus, and cell division. 

{k) Further development of the seed, including: 

Growth of the embryo. 

Growth (or absorption) of endosperm. 

Disappearance (usually) of nucellus. 

Development of integuments into seed coats. 

(Z) Loss, or at least death, of stigma, style, stamens, petals, and 
sometimes of sepals. 

(7n) Development of ovary (sometimes also of part of calyx and 
receptacle) into fruit. 
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FRUIT, SEED, AND SEEDLING 
THE FRUIT— INTRODUCTION 

Although the stem of the sugar cane and the root of the sugar beet 
furnish most of the sugar we use, and although the tuber of the Irish 
potato and the roots of the sweet potato, turnip, and carrot are important 
elements in our diet, fruits and the seeds which they contain are, of 
all plant parts, the most important as food sources. Such fleshy fruits 
as apples, plums, peaches, cherries, oranges, grapes, and figs are valuable 
articles of diet on account of their content of sugar and fruit acids. 
Wheat and rice arc the two most important items in the world’s food 
supply, and these and the other grains, such as corn, barley, and rye, 
are actually one-seeded fruits, although it is only the material of the 
seed itself which the human body is able to digest and absorb as food. 

The origin and improvement of cultivated fruits form a most inter- 
esting chapter in the history of agriculture. Our present-day fruits 
in all their variety, adapted as they are to many different soils and 
climates, and suited to the tastes of many people, have been derived 
from wild plants which in their primitive state yielded fruits of inferior 
quality. 

In the botanical sense, a normal fruit is a matured ovary of a flower, 
including its one or more seeds and any part of the flower which may be 
closely associated with the matured ovary. This definition would 
include such one-seeded dry fruits a.s the “ grains ” of corn, oats, wheat, 
and other cereals, as well as tomatoes, the pods of beans and peas, wal- 
nuts and acorns, and many other structures which are not fruits in the 
popular sense. The seed is the matured ovule. The fruit contains the 
seed or seeds. For example, the entire bean pod is a fruit; the beans 
within are the seeds. It is particularly in the dry, one-seeded fruits 
that there is need of a clear distinction between fruit and seed. For 
example, the buckwheat fruit (achene) and the fruits (“ grains ”) of 
cereals and grasses are commonly called “ seeds,” but if their develop- 
ment is followed through, and their structure carefully studied, they 
are found to be true fruits, having a thin pericarp (ovary wall) surround- 
ing a single seed. 
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THE DEVELOPMENT OF THE FRUIT 

As already staled in our discussion of the flower, the immediate 
result of fertilization is the initiation of a series of changes in the embryo 
sac and ovule, which lead to the development of the seed. Normally, 
these are followed by changes in the surrounding ovary tissue, and 
often in other adjacent flower structures, resulting in what is popularly 
called “ setting ” of the fruit. Thus, the stimulus of fertilization 
extends not only to the ovule, but to the ovary as well, and in some 
cases beyond the ovary to include tissue of other flower parts. In the 
great majority of plants, fruit does not form unless pollination is followed 
by fertilization and this by normal seed development. 

In most fruits there is rather close correlation between the number 
of seeds formed and the size, form, and even the composition of the 
fruit. For example, seedless fruits of the date palm are much smaller; 
and in grapes, those fruits which have the greatest number of seeds are 
generally the largest. It is a common observation that, as in the 
tomato, locules which do not contain a number of good seeds arc often 
not well developed and fruits with such locules are irregular and dis- 
torted in form. 

However, in many plants, fruit development takes place without 
seed formation, and in some species even without the processes (pollina- 
tion and fertilization) which must normally precede seed development. 
The term parthenocarpy is applied to the development of fruit without 
fertilization. 

Such fruits are practically always seedless, in which case they are frequently 
distinctly different in size and form, from fruits of the same variety which contain 
seeds. Very rarely, however, seeds may develop parthenogenetically (without fer- 
tilization) in parthenocarpic fruits. Moreover, not all seedless fruits are partheno- 
carpic, for seedlessness may be due to abortion of the embryos after fertihzation 
rather than to absence of fertilization. 

A number of our cultivated plants regularly bear parthenocarpic fruits, which 
are seedless. Among these may be mentioned, English forcing cucumber, certain 
varieties of egg plants, navel oranges, the banana, the pineapple, and some varieties 
of apples and p(*ars. 

It has been found that in some cases mere pollination without subsequent fer- 
tilization may be sufficient to start fruit development. In certain orchids, fruit 
development may be initiated by placing dead pollen or a water extract of pollen 
upon the stigma. Even pollen from a plant belonging to another genus may bring 
about fruit formation: certain varieties of European grapes ( Vitis)' may be pollinated 
by the pollen of Virginia Creeper (Parthenocissus) . In none of these cases of par- 
thenocarpy, nor in various others that might be cited, docs fertilization take place. 

Recently, parthenocarpy has been produced in certain plants by spraying the 
blossoms with dilute aqueous solutions of four different growth substances, namely 
indolcacetic, indolebutyric, indolepropionic, and naphthaleneacetic acids, in con- 
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centrationB from 1 : 1000 to 1 : 1,000,000; of these naphtheleneacetic acid was the 
most potent, causing all the flowers to set fruit used in 0.006 per cent concentration. 

Structurally, the wall of the ovary, before its development into a 
fruit begins, is relatively simple, being largely made up of parenchyma 
cells. The structure of the fruit wall or pericarp, into which the ovary 
wall develops, is, however, sometimes quite complex. Three distinct 
layers arc generally present in the pericarp. Named in order, beginning 
with the outermost, these are the exocarp, mesocarp, and endocarp. 



Fig. 214. — Fruits of three varieties of coconut {Cocos nucifera), split lengthwise 
and showing the structure of the fruits, and stages in the germination of the 
seed. The smooth, surface layer of the fruit is the exocarp, the thick, fibrous 
layer (husk) making up most of the volume of the fruit is the mesocarp, and the 
horny inner layer (shell of the coconut) is the endocarp. The “meat" (showing 
as a white layer) is the endosperm within which is buried the embryo which lies 
below one of the “eyes" of the shell (not shown in the figure). The coconut in 
the middle of the figure shows an early stage, and the other two later stages in 
germination. The large rounded structure within the cavity of each coconut is 
the single cotyledon which grows rapidly during the early stages of germination 
and absorbs food from the endosperm for the growth of the embryo. (From 
Otto Wilson m Nature Magazine.) 


The exocarp of the mature fruit varies widely in structure in dif- 
ferent types of fruit. It usually consists of a single layer of epidemial 
cells. Hairs are often present, as are also stomata. 

The mesocarp in some fruits forms a very thin layer, whereas in 
others it may be as much as several centimeters thick. 

The endocarp may be a single cell layer, as in the fruit of buckwheat 
(Fagopyrum esculentum), or it may be composed of a number of cell 
layers variously modified, as in the fruit of the plum, cherry, and other 
stone fruits. 
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KINDS OF FRUITS 

Though most fruits consist of only a single ovary there are some, 
including a number of the most important cultivated ones, which con- 
sist of or include several ovaries. In some of these cases the several 
ovaries are from a single flower and in others they are from several very 
closely clustered flowers. 

All fruits may be classified on the basis of the number of ovaries involved in their 
formation into the following three groups: 

Simple Fruits — consisting of a single enlarged ovary, with which some other 
flower parts may be incorporated. Most common fruits arc simple fruits 
except those listed below as examples of aggregate and multiple fruits. 



l"io. 215. — Fruits of common plants, illustrating, with the exception of E and F, the 
principal methods of dehiscence, il, pod of pea {Pisum sulivutn). B, silique of 
mustard (Bnissira). C, capsule of .lirason weed {Dalurii)^ septicidal dehiscence. 
Dy thret* follicles of larkspur {Delphinium). Ey samara of maple (.4rcr). 
Fy aggregate fruit of raspberry {Ituhus). G, capsule of violet {Viola), loculicidal 
dehiscence. 11, capsule of poppy {Papaver), poricidal dehiscence. 


Aggregate Fruits — consisting of a number of enlarged ovaries belonging to a 
single Bower and massed on or scattered over the surface of a single receptacle. 
The separate ovaries are spoken of as fruitlets. Examples: raspberry, black- 
berry, and strawberry. 

Multiple Fruits —consisting of the enlarged ovaries of several flowers more or less 
coalesced into one mass. Examples: mulberry, fig, and pineapple. 
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Simple fruits, on the basis of their consistence, structure, and dehiscence 
(manner of opening), include the following principal kinds: 

I. Fleshy Fruits (pericarp fleshy). 

A. Berry — the ovary wall fleshy and enclosing one or more carpels and seeds. 
Examples: grape, pepper, tomato, and date. 

(o) Pepo, a type of berry with hard rind. Examples: squash or cucum- 
ber. 

(6) Hesperidium^ a type of berry with a leathery rind. Examples: orange 
and lemon. 

P. Drupe or stone fruit — derived from a single carpel and ono-soed(‘d; exo- 
carp thin, forming the skin; mesocarp fleshy; endocarp stony. Exam- 
ples: cherry, peach, almond, plum, and olive. 

C. Pome — derived from several carpels; receptacle flcsliy; outer portion of 
pericarp fleshy; inner portion papery, forming “ core.” Examples: 
pear, apple, and quince. 

II. Dry fruits (pericarp dry). 

A, Dehiscent fruits (splitting open when ripe).^ 

(a) Legume or true pod — carpel one; splitting along two sutures. Ex- 
amples: pea, bean, vetch. 

(h) FollicU’ — carpel one; splitting along one suture. Examples: milk- 
weed, larkspur, columbine, peony. 

(c) Capsule — carpels two or more; deliiscing in one of four different ways; 

1. Along the line of union of carpels (septicidal dehis(H^nc(‘)— azah'a. 

2. Along the middle of each carpel (loculicadal dehiscence) - -ins, lily. 

3. By pores at the apices of carjiels (poricidal d(‘hisc(*nce) — poj)[)v. 

4. Along a circular horizontal line (circumscissilc dehiscenctO -imrs- 
lane and plantain. 

(d) Silique — carpels two; separating at maturity, leaving a partition wall 

persistent — crucifers. 

B. Indehiscent (not splitting open when ripe). 

(a) Achene — one-seeded; seed attached to ovary wall at one point- only. 

Examples; buckwheat, sunflow^er, buttercup. 

(b) Caryopsis (grain) — one-seeded; pc'ricarp firmly united all around to 

testa or seed coat. Examples: wheat, corn, rice, barley, broom corn, 
oats, and all other grasses. 

(c) Samara or “key” fruit — one- or two-seeded; i)eri(;arp, bearing a 

wing-hke outgrowth. Examples: ash, elm, maple. 

(d) Schizocarp — carpids two or more; united, splitting ajiart. at maturity. 

Examples: carrot, parsnip, parsley, celcTy, mallow. 

(e) Nut — a hard, one-seeded fruit, generally j)roduced from a compound 

ovary. 

Simple Fruits. — The fruits of the great majority of flowering plants 
are simple fruits, eacdi arising from a single ovary. Tlu*- j)rincipal typtis 

* Exceptions in this group are fairly numerous, examples being the fruits of Rhaphanus, 
Neslia; Cakilc in Cruciferae, Glycyrrhiza lepulota and Paoralca in Leguminosue, and Gaura 
and Stenodiphon in Onagraceao. 
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of simple fruits have been mentioned in the classification given and 
will be discussed later in this chapter. 

Aggregate Fruits. — An aggregate fruit is one composed of a single 
receptacle upon which are massed many similar fruitlets. It is derived 
from a single flower having many pistils. The various kinds of aggregate 
fruits differ in the type of their individual fruitlets. For example, in 
the dewberry, raspberry, blackberry (Fig. 216), and other species of 
RubuSy the individual fruits of the aggregate are drupes and constitute 
the pleasant-flavored portion of the fruit; in the dewberry and black- 
berries, the drupelets adhere firmly to the receptable, whereas in rasp- 
berries the drupelets easily separate from the receptable when the fruit 
is pi(;ked and cling together in the form of a cup. In the strawberry 
(Fragaria) the individual 
fruitlets are achenes, and it 
is the flesh of the enlarged 
rec('ptacle which gives the 
characteristic flavor. As 
shown in the diagram of a 
longitudinal s(*ction (Fig. 

219) of the ripe aggregate 
“ fruit of strawberry, the 
receptacle consists of a 
fleshy pith and cortex with 
viuscular bundles between 
th('m. Th(' persistent calyx 
and witherc'd stamens at the 
base of the strawberry con- 
stitut(' the “ hull.’’ The 
achenes are commonly 
spoken of as “ seeds.” 

Multiple Fruits. — 

Wherc'as an aggregate fruit, 
as we have just learned, is 
derived from a single flower 
having many pistils, the 
multiple fruit is developed 
from the ovaries of many separate and yet closely clustered flowers. 
Among the most familiar examples of plants bearing multiple fruits are 
the mulberry {Morus)y pineapple {Aiianassa saliva), and fig (Ficus), 
In the mulberry there are staminate and pistillate flowers, which occur 
in separate inflorescences. The pistillate flowers are crowded together 
to form a small, dense inflorescence. Each flower possesses a single, 
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seeds may vary. There are a number of seedless varieties, such as the 
navel orange, which is parthenocarpic. 



Fig. 219. — The aggregate '‘fruit of strawberry (Fragaria). A, the “fruit” in 
median lengthwise section; single achene. (After Robbins, from Botany 
of Crop Plants.) 


The pepo is a type of berry, the outer part of which consists of 
receptacle tissue which surrounds the exocarp (Fig. 220). The flesh 



Fig. 220. — Cross section of a 
mature fniit (pepo) of cucum- 
ber {Cucumis sativus). (After 
Robbins, from Botany of Crop 
Plants.) 


of the fruit is principally mesocarp and 
endocarp. The pepo is the type of fruit 
characteristic of the Cucurbitaceae which 
includes the watermelon, squash, pump- 
kin, cantaloupe, cucumbcT, etc. In the 
Turban squash (a v*ari(dy of Cucurhiia 
maxiiim), the fl(\shy reccqDtac^k* does not 
(*omplet('ly cover the ovary, and suggests 
in appearance a turban. 

Drupe . — This type of fruit is char- 
acteristic of the plum, cherry, almond, 
peach, and apricot, which are popularly 
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known as the “stone fruits/' The almond fruit is considered to be 
a drupe, though the mesocarp, fleshy like a typical drupe when the 
fruit is immature, becomes dry and hard as the fruit develops and 
splits at maturity. The olive fruit is also a drupe. As is noted in 
the classification, the drupe is derived from a single carpel and is 
normally one-sccdcd, but if one examines the young ovary of a Prunus 


Mesocarp 


Endocarp (“Stone*') 

Funiculus 
Abortive ovule. 
Nucellus 
Integuments 

Ovar>' cavity 
Otyledons 


Fig. 221. — Median lengthwise section of immature almond fruit (drupe). Note the 
large fertile ovule, and the small abortive ovule. Vascular bundles of the peri- 
carp arc clearly seen. 

flower, two ovules will be found, one of which usually fails to develop 
into a seed. The most characteristic thing about the drupe is that the 
single seed is surrounded by a hard endocarp consisting of very 
thick-walled stone cells. 

Pome . — This is a fleshy, many-seeded fruit in which the receptacle 
forms the outer part of the flesh of the fruit. The pome type of fruit 
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occurs in the apple {Malus), pear {Pyrus), quince (Cydonia), and 
many related plants. 

In the sections of the pome of the apple, shown in Fig. 223, ihe relation of carpels 
and receptacle' is shown. In the cross sen'tion the five carpels with their seeds can 
be seen in the center. The dotted line around eacdi carpt'l indicates the outer margin 
of the carpel, and all the tissue outside these lines is tissue of tlu*, receptacle. The 
wall of each carpel consists of three layers, a jiarchment-like eiidocarp and a meso- 
carp and exocarp, both fleshy and not easily distinguishable. Generally there are 
ten primary vascular bundles in t he receptacle. These form a ring, and between them 
can be distinguished the core line (shown as a dotted line in the cross section and as 
an unbroken line in the longitudinal section), which forms the boundary between the 
pith of the receptacle and the cortex of the receptacle. There are no vascular 
bundles in the j)ith but branches of the primary bundk^s sj)read out into the cortex 
as shown in the diagram of the longitudinal section. 

Dry Dehiscent Fruits. — Legume or Pod. — This is the type of fruit 
which characterizes nearly all members of the pt^a family {Legurninosae) . 
The ventral suture of the bean or pea pod, for example, is the one along 



Fig. 222. — The mature fruit (dnipe) of the almond (Primus amygdalus). The 
tough leathery hull composed of exocarp and iiK'socarj) is shown splitting from 
the endocar]) (the “shell” of the almond) which enclosi's the seed. (From 
Division of Pomology, College of Agriculture, University of California.) 

which the (Klg(\s of the carpel are fused together and also along whi(di 
the seeds are attached, and the dorsal suture corresponds to the mid- 
rib of the carpel. In the bean or pea pod, the shell ” is the peri(;arp, 
and the beans '' or peas '' arc the seeds. In alfalfa and other 
species of Medicago the pods are spirally twisted or curved and may be 
smooth (alfalfa, Medicago saliva) or spiny (bur-clover, Medicago hispida). 

Follicle. — The follicle differs from the legume, or pod, which opens 
along two sutures, in that the single carpel of which the fruit consists 
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opens along one suture. Examples of follicles are the fruit of peony 
{Paeonia), milkweed (Asclepias)y and larkspur {Delphinium), 

Capsule . — When the carpels of a dry dehiscent fruit (capsule) split 



down the middle line as they do in lilies {Liliaceae)^ the dehiscence is said 
to be loculicidal. When the carpels open along the line of their union, 
as in Rhododendron and azalea, the dehiscence is spoken of as septicidal. 
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When the carpels open by pores, as in the poppy (Papaver), the dehis- 
cence is said to be poricidal. In some dry dehiscent fruits (Poriulaca, 
PlaiitagOj and others) the fruit opens along a circular horizontal line, 
that is to say, its dehiscence is circumscissile. 

Silique. — The silique is a dry fruit derived from a superior ovary 
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Fig. 224. — The fruit (.'icbcno) of buckwheat (Fagopyrurn esrulcnfyvi). External 
view (left), luediaii longitudinal sec^tion (right). 


consisting of two carpels. This is the type of fruit characteristic of 
the members of the mustard family (Cruciferac) . The sides (valves) or 
walls of the ovary separate at dehiscence', leaving the two placentae and 

a thin partition (Fig. 215, B). This partition 
is formed during th(^ development of the fruit 
b}^ tissue outgrowths ('xtending from th(' 
edges of the carpels inward. Finally by th(^ 
meeting and fusion of these outgrowths a 
continuous partition results. 

The silicjue is elongated in radish (Ra- 
phanus sativm) and in the various species 
of the genus Brassica, including cabbage, tur- 
nip, rutabaga, rape, black and white mus- 
tards; it is much shortiaied, b('ing about 
as broad as it is long, in shephi^rd’s 
purs(? (Capsella hurmpastori.s), penny ci’ess 
{Thlanpi), and others. 

Dry Indehiscent Fruits. — Achene. — The buckwheat fruit (Fig. 224) 
is an excellent example of an achene. It is triangular; the point of the 
achene is the stigmatic end, while the opposite end shows a frag- 
ment of the flower stalk (pedicel) and small, persistent, withered calyx- 
lobes which have become adherent to the pericarp. The “ hull ” of 



Fig. 225. — Fruit (grain) of 
corn {Zea ?nays), external 
view. Th(j small projection 
at the upper end of the 
grain is the base; of the style 
(strand of corn silk). 
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the buckwheat fruit consists of the pericarp together with the remains 
of the calyx. 

Grain or Caryopsis, — The grain is the characteristic fruit of the grass 
family (Gramineae). A detailed account of the grain will be given in 
the discussion of seeds. 



Fig. 22fi. — Acorns (nut) of white oak (Querciis alba), (Photograph furnished by 

L. W. Brownell.) 


Samara. — In the samara or key fruit, such as produced in the elm 
( Ulmus) and ash (Fraxinus) j th(i ovary wall grows out into a flattened 
structure or wing which aids in dissemination of the seed. In the 
maple (Acer) (Fig. 215, E) the samara is double and the two parts, each 
one-seeded, may separate at maturity. 

Schizocarp. — This is the characteristic fruit of the carrot family 
{Umbelliferae). It is a dry fruit of two carpels, which separate at 
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maturity along the midline into two one-seeded halves each of which 
is indehiscerit. 

Nui . — Typical fruits of this kind arc entire ovaries the walls (peri- 
carps) of which become hard throughout but do not dehisce. Examples 
of such typical nuts are acorn, chestnut, and hazelnut. Many struc- 
tures which are ordinarily called nuts do not correspond to the definition 
given. Thus the almond is the stone of a drupe and the walnut also 
is to be considered strictly speaking as a part of a drupe since its shell 
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Fig. 227. — Flowers and fruit of English walnut {Juglans regia). A, Two pistillate 
flowers at time of fertilization; By mature fruit; C, eross-section of “nut” with 
^‘husk” removed; Z), single ovule, consisting of a large, irregularly shaped ovule 
(“meat”), covered with brown papery seed coat, with two divided cotyledons, a 
radicle and plumule. (Photographs furnished by Nast.) 


corresponds to the inner part only of the ovary wall, the outer part 
being fleshy in nature. A horse chestnut consists of a seed only, as 
does a Brazil nut. 


THE SEED 

Seeds are useful to man in a great many ways. He uses them as a 
means of multiplying useful plants. Seeds also furnish him with a 
large proportion of his food. The seeds of wheat and rice are the prin^ 
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cipal items of diet for hundreds of millions of human beings, in fact 
for a great part of the world's population. Second in importance to 
these great staple foods are the other cereals, such as corn, rye, and 
barley, and the seeds of various beans, particularly the soybean, which 
is an important article of diet among the Chinese. Many products 
used ill the industries are also secured from seeds. Perhaps the most 
important of these are the various oils and fats produced from the seeds 
of such plants as the coconut {Cocos nucifera), cotton (Gossypium) , 
flax {Linum)y castor-oil plant (Ricinus com^niinis) ^ and peanut {Arachis 
hypogaea). From the dried endosperm of the coconut, which is the 
material known as copra," an oil is pressed which is used in the manu- 
facture of substitutes for butter and lard, of soap, and various other 
products. Cottonseed oil is a product of great commercial importance 
as is the oil pressed from the seeds of the peanut. These oils are used 
for purpose's similar to those for which coconut oil is used. They and 
corn oil are also used for salad oil. The seed of flax yields an oil known 
as linseed oil, which is used in the manufacture of paints, varnishes, 
aTtificial leather, oilcloth and linoleum. The vegetable ivory of com- 
merce, from which gn'at numbers of Imttons are made, is secured from 
tli(‘ vseed of the South American palm (Phytelephas) . Many other kinds 
of seeds furnishing important commercial products might be cited. 


THE DEVELOPMENT OF THE SEED 

Following fertilization, the ovule begins to uridc'rgo the changes 
which result in seed formation. Every seed consists of at least two 
})arts, (1) th(' embryo and (2) the seed coat or seed coats. A third 
part called the endosperm is frequently present. It is enclosed, together 
with the embryo, within the seed coats. The embryo develops from the 
zygote, which is formed by the union of the egg or female nucleus of 
the embryo sac with one of the sperm or male nuclei of the pollen 
tube. The endosperm develops from daughter nuclei of the endosperm 
nucleus (product of fusion of two polar nuclei and one of the spenn 
nuclei) and the cytoplasm surrounding the embryo. The integuments 
of the ovule become the seed coats. 

As the embryo and endosperm develop, they do so at the expense 
of the nucellus. Part of the nucellar tissue is digested and supplies food 
for the developing embryo and endosperm. As a result, th(i nucellus 
in the mature seed, if present, is usually represented only by a thin layer 
of cells perisperruj generally much compressed, which is just within the 
seed coats. 
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In such cases the ripening of the seed interrupts the development of the 
embryo much earlier than in most plants. In such very rudimentary 
embryos, when development is resumed at the time of germination 
the embryo passes through developmental stages corresponding to 
those through which the embryos of most seeds pass before the seeds 
mature. 

The plumule, hypocotyl, and radicle together form the axis of the 
embryo. At germination the plumule develops into the shoot and the 
radicle gives rise to the primary root. The cotyledons arc^ temporary 
leaves attached laterally to the axis of the embryo. They are unlike 
typical foliage leaves because of their adaption to the function of food 
storage or of absorption of food from the endosf)erm. In some cases 
they may carry on photosynthesis for a time after the escape of the 
embryo from the seed coats. The portion of the main axis of the 
embryo below the cotyledon and a])ove the radicle is called the hypocotyl. 
It is often difficult to determine, without studying cross sections of 
the embryo microscopically, just wIktc the radicle and the hypocotyl 
join. It is in the hypocotyl that the transition takes place from the 
arrangement of phloem and xylem wdiich is characteristic of the stem 
to that found in young roots, that is, from the arrangenu'iit in the stem 
in which the' phloem lies outside of the xylem to the alternating radial 
arrangement characteristic of young roots. At the extreme tip of th(^ 
radicle there is a growing point generally provided with a root cap, 
such as is found in all typical roots. Sometimes the plumule is very 
small and little developed, consisting only of the growing point of the 
rudimentary shoot, but in many seeds the plumule has a number of 
rudimentary foliage leaves, which surround it, and thus form, with the 
growing point, a terminal bud. 

KINDS OF FOOD STORED IN SEEDS 

The principal kinds of foods stored in seeds are as follows: 

1. Carbohydrates, chiefly 

(a) Starch. 

(b) Hemi-celluloses. 

(c) Sugars. 

2. Fats. 

3. Proteins. 


Starch . — This is the commonest form of food stored in seeds. It 
may occur cither in the embryo or in the endosperm. For example, in 
the seeds of legumes and in many other seeds lacking endosperm the 
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cotyledons are rich in starch; and in the cereals and other grasses, 
which have seeds with 
endosperm, starch is al- 
most entirely restricted 
to the endosperm. It is 
formed in the cells of the 
developing seed by the 
leucoplasts from the sugar 
conducted to the seeds 
from other parts of the 
plant. Th(' form of the 
starch grains produced by 
the leucoplasts is not the 
same in all plants. Dif- 
ferent forms of starch 
grains are shown in Fig. 

230. The characteristic 
forms and markings of 
the starch grains from 
different plants are a valu- 
able aid ill the recognition 
of certain adulterations in 
foods. 

Th(' starch content of 
seeds varies greatly, thus 
ihc [KTceuitage of starch, based upon dry weight, in almond seeds is 8 
per c(‘Tit, in navy b(‘ans, 45 per cent, and in rice, G8 per cent. 

Ucmi-ccUuIoscs . — The hemi-celluloses are complex reserve carbo- 
hydrates, largely making up the thickened walls of the endosperm of 
certain s(H‘ds. Examples of seeds containing large quantities of hemi- 
cellulosc^s are those of the date palm {Phoenix dactylifcra)^ onion 
(Allium), Asparagus (Fig. 231), coffee (Coffea), and vegetable ivory 
palm (Pliytclephas macrocarpa). The hard endosperm of the last- 
naiiK'd plant is used commercially for the manufacture of buttons, 
umbndla handles, and other objects. So thick is the layer of hemi- 
cellulose which may be deposited on the inner surface of the endosperm 
walls in these plants that the lumina of the cells may be almost closed. 
However, such walls are usually characterized by the ^presence of deep 
pits which penetrate the thickened part of the walls, leaving the original 
walls as a cross mcmibrane. Those canals permit relatively easy pas- 
sage of materials from cell to cell and thus make it possible for the 
protoplasts to remain alive for a long time. 


Fia. 230. — Starch grains from (lifTcrcnt sources. 
1, Diffenbachia Meyer); 2, Tnttcum 

sativum; 3, Phnseolus lunatus; 4, Phaiiis; 5, 
Carina; 6, Solarium tuberosum; 7, Zca mays 
(2-7, after Ileichert.) 
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Sugars . — Although starch is the carbohydrate found most commonly 
and in largest quantity in seeds, soluble carbohydrates (sugars) are 
frequently present. Generally the sugar stored in seeds is cane sugar 
(sucrose); as much as 11 per cent of this sugar is present in the seeds 
of sweet corn and chestnut. Cane sugar is also present in almonds, 
pistachios, and other nuts. Certain varieties of peas are so rich in 
sugar that they have a very sweet flavor. 

Fats . — Fats and oils (liquid fats) are of general occurrence in plants, 
both in vegetative and in reproductive organs, but they are most 
abundant in seeds, where they constitute an important reserve food. 



Fia. 231 . C(']l.s from the endosperm of a common asparagus seed (Asparagus 

ojjk'inalis) . 

Fat is usually more abundant in the embryo than in the endosperm, 
but in many seeds large (quantities also occur in tlie endosperm. The 
seeds of the following plants furnish important oils or fats used in 
industry: flax {Linam usitatissivium) , linsec'd oil; castor-oil plant 
(liicinus communis) j castor oil; cotton {Gossypium)y cottonscHxi oil; 
coconut {Cocos nucifera)^ coconut oil; peanut {Arachis hypogaea), peanut 
oil; and corn {Zea mays) corn oil. 

Proteins . — As already pointed out (see page 49), the proteins are 
organic compounds which contain oxygen, hydrogen, carbon, nitrogen, 
and generally suphur. Some of them also contain phosphorus. The 
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proteins are, next to water, the most abundant constituent of the 
protoplasm. They are, therefore, essential for the production of new 
protoplasm at the growing points of the seedling shoot and root. Stored 
porteins are found in all seeds. 

(Leguminosae) store protein in 
their seeds in much larger quan- 
tities, relative to other forms of 
stored food, than do the plants 
of most other families. 

COMMON TYPES OF SEEDS 

Thus far, we have discussed 
the principal structural charac- 
ters of seeds in general. We shall 
now give in somewhat more 
detail the structure of three 
representative types of seeds, 
namely, (1) a dicotyledonous 
type, without endosperm common 
bean, {Phaseolus vulgaris) j (2) a 
dicotyledonous type with endo- 
sperm, castor-oil seed {Ricinus 
commuuis)^ and (3) a rnonoco- 
tyledonous type, with endosperm, common wheat ( Triticum aestivum) . 

Common Bean. — Dicotyledonous Seed without Endosperm (Fig. 228). 
— When beans are harvested they arc broken loose from the funiculus. 
A large oval scar near the middle of one edge, called the hilum, marks 
the place where the seed broke from the stalk or funiculus. At one 
end of the hilum is a small opening, the micropyle, present also, it will 
be recalled in the ovule. The micropyle is more easily seen if the seed 
is soaked in water. 

The position of the radicle within the seed is indicated by an eleva- 
tion of the seed coat which is adjacent to the micropyle. At the end of 
the hilum oppositci the micropyle is a ridge called the raplic' which 
represents the base of the funiculus which is fused with the integuments. 

l^'he seed coat of the bean may be easily removed from seeds which 
have been soaked in water. When the seed coat has been removed, 
the embryo of the seed is seen. This embryo consists of the following 
parts: (1) two cotyhidons or seed leaves, (2) several young foliage 
leaves surrounding the growing point, all composing the embryo shoot 


The members of the bean family 



Fig. 232. — A food-storage cell from the 
endosperm of the seed of the castor-oil 
plant (Ridnus communis). 
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The endosperm consists of two portions, (1) the aleurone layer and 
(2) the starchy or floury endosperm. The aleurone layer is a single 
layer of large cells immediately inside the nucellus. These cells are 

generally packed with aleu- 
rone grains, which arc small 
protein bodies. The starchy 
endosperm is made up of 
large, somewhat elongated, 
thin-walled cells. They are 
filled for the most part with 
starch grains. Granules of 
protein including gluten oc;- 
cur among the starch grains. 

The structure of the 
embryo of the wheat grain 
is shown in the lengthwise 
section reproduced in Fig. 
235. The radicle is sur- 
rounded by the root sheath 
or coleorhiza. Between the 
radicle and the point of at- 
tacjhment of the cotyledon 
is the very short hypocotyl. 
The stem growing point is 
surrounded by several rudi- 
mentary foliage leaves. The 
growing point and foliage 
leaves (tog('ther forming the 
plumule) are surrounded by 
the leaf sheath, or coleoptile. 

In wheat, as in all mem- 
bers of the grass family, 
there is a single cotyledon. It is a structure which lies in contact 
with the endosperm and digests and absorbs food from the endospenn 
which it passes on to the growing parts of the embryo. This cotyledon 
remains within the seed during germination and never develops, as do the 
cotyledons of the castor-oil seed and some beans, into a green leaf-like 
structure. It is called the scutellum. On the opposite side of the 
hypocotyl from the scutellum is a small projection called the epiblast. 
It has been suggested that this latter structure represents a suppressed 
second cotyledon. The surface of the scutellum where it is in contact 
with the endosperm is made of a layer of cells — the columnar epithelium 



Fig. 235. — Longit lidiriaJ scTtioii of the embryo 
of whcMt ; a, Jilciironc layer; b, bud in axil of 
coleoptile; r, crushed empty cells of the endo- 
sjierm; J^pi, epithelial layer of the scutellum 
(Redrawn from Rercival.) 
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which sccrotn the enzymes by which the starches and proteins in the 
endosperm are digested (rendered soluble). 

The embryo is rich in fat, mineral matter, and protein, and contains 
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Fig. 236. Photomicrograph of a lengthwi.se section of a grain of corn (Zea mays). 

coiisidoraWo qiiantitios of soluble carbohydrates (sugar), but little or 
no starch. About one-sixth of the dry weight of the embryo is fat and 
one-third protein. 

DISSEMINATION OF SEEDS AND FRUITS 

The migration of plants over the surface of the earth is accomplished 
in many different ways. have stn^n that some plants, such as straw- 
berries, ('auada thistle, and others, migrate by means of runners, or 
rhizomes; this method is very slow. In others, such as the tumble- 
weeds (Russian thistle, witch grass, tumbling pigweed, and others), 
the whole plant is carried by the wind, rolling for many miles over tree- 
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less areas, scattering seed as it travels. In most plants the seeds or 
fruits alone are the chief means of plant migration. 

There are many structural modifications by which dissemination 
(wide distribution from the place of their origin), of seeds and fruits is 



Fig. 237.— Various sends and fruits showing devices for dissemination. A , winged 
fruit of maple (Acer). B, winged fruit of ash (Fraxinus) (\ wingi'd fruit of 
elm (Ulmus). D, winged seed of iiine (Finns). E, barbed fruit of Spanish 
nec'dles (Bidens). F, milkw{‘(*d (A sde iritis) seed with tuft of h.iir. 6’, hairy 
.seed of cottonwood (Fopulus). 11, fruit of dandelion (Tarnxucnm) with jjara,- 
ehuto-like tuft of hairs. /, hooked fruit of eoekl(‘-})ur (Xnntfiium). J, fruit of 
Clematis with long plume-like style. K , fruit of ground cIkutv (F/iysalis), with 
membranou.s envelope. L, bearded fruit of porcupine gra.ss (Stipa). 


secured. Some of these adapt the seed or fruit for dispiTsal by wind, 
others for dispersal by water, and others for dispiTsal by animals. 
Wind, water, and animals, including man, are the chief agencies in seed 
and fruit dissemination. 
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The following outline gives the chief adaptations favoring dispersal 
and cites examples of each kind of adaptation: 

1 . Adaptations Favoring Dispersal by Wind. 

(a) Wingod sordu and fruits. Examples: Fruits of maple {Acer), ash {Fraxinus), 
and elm ( IJlmus), and the seeds of pines (Ptw^s), Catalpa, and firs {Abtes). 

{h) Seeds with long, silky hairs which are epidermal outgrowths. Examples: 
Cotton {Gossyp'ium), milkweed {Asclepias), and willow {Salix). 

^ (c) Fruits with parachute- 

like tufts of hairs. Examples: 
Dandelion {Taraxacum), lettuce 
{Lactuca) and oyster plant 
{Tragopogon). 

{(1) Fruits with long, plumed 
styles which are persistent. Ex- 
amples: Wind flower {Ane- 
mone), and Clematis. 

(e) Fruits with membranous 
envelopcj (jontaining air. Exam- 
ples: Ground cherry {Physalis), 
and hop hornbean {Oslryu). 

2. Adaptations Favoring Dis- 
persal by Water. 

Fruits with membranous 
cnv(‘l()])e containing air. Exam- 
ine: Sedges {Carex). 

{b) Fruits with (joarse, loose, 
fibrous e\o(;arp, as in the coco- 
nut. {Cocos nucifcra). In the irrigated districts, irrigation water is a most important 
factor in the dissemination of weed seeds. 

Ditch banks generally are densely overgrown wdth weeds, which may shed 
their seeds in tlu*. water. These seeds are carried by the stream, given a good soaking 
in transit, and plant (*d on a well-soaked soil - - all conditions being ideal for germina- 
tion. It has beiai found that a great variety of secfls will float even though lacking 
B})ecial adaptations to insure buoyancy. Among such seeds are those of pigweed 
{Amarauthus), lamb’s quarters {("he no pod turn album), tall marsh elder {Iva xanlhi- 
folia), curled dock {Rum ex), and dandelion {Taraxacum). 



Fia, 238.- The squirting cucumber, EchaIHum 
daterium. (I^roin Boccjinllon ) 


3. Adaptations Favoring Dispersal by Animals. 

(< 7 ) Fruits with bc'ards or awns which adhere to the hair of animals, or to the 
clothing of man. F..Vairipl(\s: Chiefly grasses, including i>orcupine grass {Stipa), 
wild barley { Jlordcum). 

{h) Fruits with siiines. Examples: Ground bur-nut {Trtbulus), and sandbur 
{Cenchrus). 

(c) Fruits and seeds with hooks or barbs. Examples: Spanish needles {Bidens), 
cockle-bur {Xanthuun), and bed straw {Galium). 

{d) Fleshy, edible fruits which are eaten by birds and carried varying distances 
by them, and the seeds of whiidi are then regurgitated or discharged with the excre- 
ment. Mail}" seeds are resistant to the digestive fluids. 
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(c) Nuts which arc carried away and hidden by animals, chiefly squirrels. Here 
are included hickory nuts (Ihcoria)^ walnuts (Juglarut), etc. 

(/) Fruits and seeds covered with viscid materials. Examples: F'ruits of Sage 
(Salvia), and seeds of garden cress (Lepidium) and mistletoe (Viscum). 

4. Explosive Fruits.— In a considerable number of sy)ecies the sec'ds are scat- 
tered to some distance from the plant by the sudden and fonalde rupture of the fruit. 
Among the most familiar examjdes are touch-me-not. (Impaiicns), castor-oil plant 
(Rinnus), and the scpiirting cucumber (Echallium) (Fig. 238). 

Seeds and Fruits Distributed by Man. — Man in his various industrial pursuits 
is a most important agent in the dissemination of fruits and scM'ds. Probably no 
other means of introducing weeds, for example, is so imi)ortant as the sale and 
distribution of farm and garden se('d, containing the seeds of various weeds. Many 
European plants are now “ at home ” in this country, their seeds having been brought 
here as ‘‘ impurities,’’ in shipments of commercial seed. Weed seeds an; also carrii'd 
in screenings, in baled hay, in the packing about trees, in feedstuffs, and in manure;. 

SEED GERMINATION 

As wc have already learned, a seed is essentially a young plant 
(embryo) arrested in its development. It will be n^ealled that [in 
individual plant d()(\s not begin its life as a set'd, but instt^ad as a single^ 
cell, called a zygote. Th(^ new individual })lant conu^s into existence* 
at the time of fertilization — when a sperm (male) nucleus from the 
poll(*n tube fuses with the (3gg (female) cell in the ein]:>ryo sac of th(* 
ovule, thus forming a zygote. The zygote undergoes rep('[ited division, 
and by growth and differentiation then* results a young plant which, 
with its surrounding protecting coats and its stored food, is called the 
seed. After the seed has matured there is normally a period during which 
growth and development of the embryo are at a standstill. Resumption 
of these activities is called germination. The cells of the young embryo 
are very much alike and th(?re is no or little indication of diff(*rent organs 
which compose the mature plant. Th(*se cells divide*, and redivide*, 
increase in size, [irid, afte*r a time, there is the appearance of rudimentary 
organs, such as roots, stems, and leave*s. In other worels, theire is growth, 
which includes increase in the number and size of ce*lls and differentia- 
tion. All the ce>mple*x tissue's and organs which ceanpose the seedling, 
and later the mature plant, have as their parent the fertilized egg ce*ll. 

Conditions Necessary for Germination. — For this resumption e)f 
growth and development the following ejxternal conditions are esse*ntial: 
(1) a sufficient supply of water, (2) favorable temperature, anel (3) a 
supply of oxygen. If any one of these is lacking the see;el will ne)t 
germinate. 

In a few cases, for example, certain varieties e)f tobacce) (Nicotiana), 
niistle*toc (Phoradendron) ^ and certain other plants, the percentage of 
gennination is increased by exposure of the seeds to light, after they 
have absorbed water. 
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Water. — Water plays a most import ant r6le in the germination of seeds. The sig- 
nificance of water in the life of the plant has already been discussed (sec page 170) 
but it is well, at this point, to give special attention to the functions which water 
performs in seed germination. 

(1) Water softens the seed coatSy and thus enables the embryo to break through them 
more easily. 

(2) The water absorbed by embryo arul endosperm causes the seed to swell and this 
results in the bursting of the seed coats. 

(3) Water facilitates the entrance of oxygen into the seed. Dry cell walls are almost 
impermeable to gases, but if the walls have imbibed considerable water, gases can 
diffuse cpiite readily through them. As the walls of the cells of the seed coats and 
embryo take up water, an increased oxygen supply to the living cells results and 
more a(;tive respiration is mad(i possible. On the same account, the carbon dioxide 
produced by respiration is able to diffuse outward. 

(4) Water dilutes the protoplasm and permits its various functions to go on actively . — 
Since the protoplasm of the cells of the embryo and other living parts of the seed 
loses most of its water before the seeds are shed, its activities are almost completely 
suspended from that time until germination. Living cells can not ac^tively carry on 
any of their normal processes, digestion, respiration, assimilation, or growth, unless 
their protoplasm coni ains much water. 

(5) Water makes possible the transfer of soluble food from the endosperm nr cotyle- 
dons to the groin ng points of the embryo j where they are necessary for the building up 
of new irroioplasm. 

Favorable Temperature.-- For the seeds of any kind of plant there is a tempera- 
ture, called the. minimum temperature, below which germination wull not take place. 
There is also a maximum temperature above wdiich the seeds wall not gi'rminate, 
and a temperature at w4iich germination goes on most rapidly, that is, the optimum 
temperature. These cardinal temperatun^s vary in different varieties of the same 
species. The seeds of many “cold season crops” suc^h as pi'as, lettuce, radish, 
barl(*y, wheat, and other small cereals will germinate n^adily at tcunperatures as 
low^ as 10° to lt)° C wliile the seeds of corn, pumjikin, cucumber, egg jilant, and 
many other ” warm season crops ” require a much higher temperature (about 
21° to 27°) for good germination. 

Oxygen. — Oxygen is essential for germination, because without it respiration 
can not go on in the seed. Respiration is very active in germinating seeds, as it is 
in all tissues where growth and other cell activities are proceeding at a high rate. 
On that acc.ount large quantities of oxygen must be available to the seed if germina- 
tion is to proceed normally. 


THE GERMINATION PROCESSES 

The principal processes going on in the seed during gc^rmination are; 

1. Absorption of water by imbibition and osmosis. 

2. Digestion. 

3. Food transfer. 

4. Assimilation. 

5. Respiration. 

6. Growth. 
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Water Absorption. — The initial process in seed germination is the 
absorption of water, and the consequent softening of the seed coats and 
swelling of the seed. The seed coats are largely made of material which 
readily takes up water by imbibition, and, as frequently is true, imbibi- 
tion is here attended by a decrease in the mechanical strength of the 
imbibing material, in this case the cell wall material of the seed coats. 
The imbibition of water by the embryo and endosperm causes a swelling 
of these structures, and as a result a rupturing of the softened seed coats. 
The functions of the absorbed water have been discussed. 

Digestion. — It was pointed out on page 286 that the principal foods 
stored in seeds are starch, hemi-cellulose, fats, and proteins, all of which 
are insoluble or colloidal substances. In the seed, these stored foods 
can not be transported from cell to cell and utilized in building up 

protoplasm and cell walls until 
they are changed into a soluble and 
diffusibk' form. The process of ren- 
dering foods soluble and diffusible 
is termed digestion. In this proc- 
ess certain digestive' agents, wdiich 
bt'loiig to the class of substanc(^s 
called enzymes, are required. 

Enzynu's are substances, pro- 
duced in living cells and probably of 
the natun' of proteins, which r(^s(?m- 
ble inorganic catalysts such as plati- 
num in that certain chemical changes 
go on very rapidly in their presence 
but v(Ty slowly or scarcely at all 
when they are not present. 

When fuel gas is allowed to escape into the air there is no appre- 
ciable oxidation of the gas by the oxygen of the air. If a fragment of 
asbestos covered with finely divided platinum is held in the mixture of 
gas and oxygen the oxidation of the gas will go on at a rapid rate and 
produce so much heat that a flame will be produced, and the gas will be 
lighted. Beside platinum a number of substances not produced in 
living cells have a similar power of “ speeding up chemical changes 
without their being used up themselves during the process. Some of 
these inorganic catalysts are of very great utility in th(^ clujinical 
industry. 

It is impossible to (ixaggerate the importance of the organic catalysts, 
or enzymes, which are produced in the living (;ells of plants and animals. 



Fig. 239. - Digestion of starch grains 
by diastase. The four figures show 
successive stages of digestion by the 
enzyme, diastase*. (Redrawn from 
Strasburger.) 
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They greatly aec^elerato the rate of many important changes in cells 
which otherwise would practically not go on at all. Also, owing to the 
presence of the proper enzymes, changes may go on in living cells at 
relatively low te'mperatiires (below 40° C.) which would otherwise go 
on at the same rate only at such high temperatures as would be fatal to 
all living protoplasm. No enzyme has been secured in sufficient purity 
to determine its exact composition. The principal characteristics of 
enzymes may be summarized as follows: 

1. They are produced by living protoplasm. 

2. They may be separated from protoplasm and still retain their 
activity for years if stored under proper conditions. 

3. They are effective in small quantities. 

4. They are sensitive to heat. Most enzymes are rendered per- 
manently inactive by heating to 60° C. 

5. They are generally specific;, one enzyme being effective in one 
chemical change only. Thus diastase changes starch to certain sugars 
and zymase (converts glucose into alcohol and carbon dioxide, but 
neither is able; to bring about any chemical change oth(;r than the char- 
acteristic one mentioned. 

Digestion, rend(;ring insoluble substances soluble and diffusible, 
is only one of a great many different kinds of chemical changes which 
an^ brought about by enzymes. 

The principal classes of digestive enzymes found in seeds and the 
products of the digc;stion which they carry on are: 


Enzyme 
Diastase 
C>^.ase 
1 lipase 
Proteases 
Peptases 


Substance Digested 
starch 

hcmi-colluloses 

fats 

proteins 

peptones 


Products 
maltose (a sugar) 
mannose and galactose (sugars) 
glycerine and fatty acids 
peptones 
amino acids 


Food Transfer. — Absorption of water, the secretion of enzymes, and 
digestion are but preliminary to the transfer of food from the storage 
cells to the growing parts of the germinating seed. Conductive tissue 
is poorly developed in the rudimentary plant or embryo seed. Hence, 
transfer of material from one part to another must be almost entirely 
by diffusion from one living cell to another. In the germinating seed 
a concentration gradient is established between the part of the seed where 
soluble food is being produced by digestion of stored food and the parts 
(radicle and plumule) where food is being used up. From our discussion 
of diffusion in Chapter II, we understand that any substance tends to 
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diffuse from a region where there are more dissolved particles of that 
substance per unit volume of solution to a region where there are 
fewer particles of that same substance per unit volume. At the growing 
points of the embryo, soluble foods are being transformed into cellulose 
walls and into protoplasm, and are thus being removed from solution. 
Hence a constant reduction in the (concentration of soluble foods is going 
on at the growing points. The direction of movement of soluble foods is 
toward these points of relatively low concentration of succh substances, 
and away from the parts of the seed (storage regions) where soluble foods 
are being produced by the action of enzymes upon the insoluble stored 
food. 

Assimilation. — This is the final step in the utilization of the stored 
food. It is the transformation of the digested foods into the living 
substances (protoplasm) and of certain of these foods by the protoplasm 
into cell walls. We know almost nothing about the proc(\ss, however, 
for an understanding of it would necessitate our first learning mucch 
more than is now known of the actual nature of protoplasm. 

Respiration.— Respiration goes on more actively in germinating 
seeds than in almost any organ or tissue of the flowering plants. It 
will be recalled that respiration is an energy-rc^leasing pro(‘ess in which 
part of the food is broken down into very much simpler compounds, such 
as carbon dioxide and water, and the energy stored in the food is ndeased. 
This released energy is in part used by the seedling plant in the work of 
building up the compk'X compounds of which the plant is composed. 
Much of it, however, is dissipated as heat. 

Consideration of the equation for the respiration of glucose, 
C'gHi206 + 602 = 6CO2 + 6H2O, would lead us to expect that respira- 
tion would be accompanied l)y a loss of w(aght, if no oth(‘r pro(;(\ss went 
on at the same time whicdi add('d to the weight. If seeds are germinated 
in distilled water and in the absence of light, water absorption would be 
the only process which could increase their w(iight. It is possible thenv 
fore, by comparing the dry weight of the two lots of seeds (originally of 
the same weight) one lot of which has remained ungerminated while the 
others have grown into seedlings under the conditions mentioned above, 
to demonstrate that respiration causes loss of material from the plant. 
Under the conditions of such an experiment no photosynthesis or intake 
of mineral salts could take place. The loss in dry weight is due to 
respiration. 

That germinating seeds respire very actively is shown by the large 
quantity of carbon dioxide which they give off. G(3rminating lettuce 
seeds may produce as much as 82 cc. of carbon dioxide per gram of dry 
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weight in twenty-four hours at 16® C., and poppy seeds as much as 
122 cc. per gram in the same time and at the same temperature. Fig. 
240 illustrates an experiment to demonstrate the evolution of carbon 
dioxide during the germination of seeds. Similar apparatus might be 
used to measure the quantity produced. 

Part of the energy liberated in respiring seeds is in the form of heat. 
If rapid loss of heat is prevented, a mass of germinating seeds may 
actually become warm to the hand. If the seeds are kept in Dewar flasks 



Fia. 240 -Diagmm of apparjitus used to demonstrate the? evolution of carbon 
dioxid(' from actively nhspirmg seeds. Air enUirs the apparat us by the tube at 
the left and })as,s(*s throuRh m the direction shown by the arrows. As the air 
bubbles through the s( hition of potassium hydroxide (IvOH) m the first bottle 
the carbon dioxide gas in the air is absorbt‘d by the solution, potassium carbonate 
being form(‘d and remaining in the solution. The air is next pass(‘d through a 
solution of barium hydroxide Ba(OH )2 to show whether all the carbon dioxide 
Inis been absorbed by the KOH solution. If the cariion dioxide had not been 
completely removed a white precipitate of barium carbonate would be formi'd. 
The absence of any such jirecipitate shows that the air passing into the flask 
containing germinating seeds is free of carbon dioxide. The evolution of carbon 
dioxidi; by the se(*ds is shown by the formation of th(‘ white* precipitate of barium 
carfionate (HaCOa) as the air from the flask is drawn through the next bottle. 
The KOIl bottle at the right serves to prevent any carbon dioxide from passing 
m the reverse direction. 


(similar to “ thermos ’’ bottles) after their surfaces have been sterilized 
(to kill bactt'ria and fungi) and they have been soaked in wat(*r, th(*y 
may, as they germinate, r(*ach a temperature as much as 35° (\ above 
t.hat of soaked dead s(‘eds. 

Growth.— Th(‘ swtdling of the s(‘ed, due to imbibition of water and 
to growth, is follow(‘d by the bursting of the seed coats. Freial from 
the s(M‘d coats, supplii'd with water and dissolved foods and with oxygen 
for respiratiim, the embryo now grows actively. Its growth is due 
(1) to the enlargement (largely by the absorption of water into the 
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vacuoles, and the stretching 
of the walls) of cells already 
formed, and (2) to the pro- 
duction of new cells at the 
growing point of the radicle 
and the plumule. The 
growth of the radicle and 
the plumule into root system 
and shoot system differs in no 
important particular from 
the development and dif- 
ferentiation of tissue from 
the growing j)oints of the 
root and terminal bud as 
described earlier in this 
book. 

The radicle is usually 
the first eml>ryo sixucture 
to protrude from the seed. 
It grows downward, sends 
out, branches, develops root 
hairs, and thus (uilarges its 

absorbing surface and attaches the seedling plant to the soil. 

In many plants, such as the common bean, sunflower, and squash, 
the cotyledons and plurniik' are brought up to the light by the growth 
of the hypocotyl, the sc'ed coats generally rcmiaining in the soil. In 
oaks and in other plants, such as garden p(‘a and scarl(‘t runner bean, 
the cotyledons remain b(dow the ground. In the c(‘r(‘als, th(i one coty- 
ledon (scutellum) does not come to the surface'. After th(i young plant 
reaches the light and dcivelops clilorophyll-b(iaring tissue, it is no 
longer dependent upon the store of reserve food within the seed, but is 
now able to carry on photosynthesis. 



Fig. 241.- Stages in the germ i nut ion of wheat, 
r, eoleorhizu; coleoptilc; r, roots; &*, embryo. 
(After Bocquillon.) 


CONDITIONS AFFECTING THE VITALITY OF SEEDS 

By the vitality of seed is meant its capacity t,o germinate and pro- 
duct? seedlings capable of dtiveloping into an adult plant,. Among the 
chief factors which determine the vitality of st'eds are the following: 

1. Vigor of the parent plant. 

2. Conditions to which the seeds are exposed while developing. 
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3. Maturity of the seeds. 

4. Conditions, such as temperature and atmospheric humidity, 

under which the seeds are stored. 

5. Age of the seeds. 

(1) Vigor of the Parent Plant. — Weakly parent plants often produce seeds 
which are deficient in stored food material and the embryos of which are abnormally 
small. The plants grown from such seeds are often less vigorous than those produced 
from normal seeds. 

(2) Conditions to Which the Seeds are Exposed while Developing. — The amount 
of moisture in the atmosi)here and its temperature during the period of seed maturing 
may influence the vitality of the seeds. Most seeds mature best under dry atmos- 
pheric conditions. Low temperatures early in the autumn may injure the partly 
mature seed. Corn, for example, suffers from freezing if the grain is not thoroughly 
dry. Corn containing 13 per cent moisture, however, may be stored with safety 
in bins exposed to temperatures much below freezing. 

(3) Maturity of Seeds. — Although seetls will often germinate before they have 
reached full maturity, the plants grown from su(;h seeds are usually weak, as is 
evidenced by tlu*. fact that th('y can not withstand such unfavorable conditions as 
can those from fully matured seeds. Moreover, the yield from immature seeds is 
lower than from j)r()p(!rly matured seeds. Immature seeds lose their vitality much 
more quickly than do mature seeds. 

(4) Conditions under which Seeds are Stored. — In a ripe seed, the essential 
part of the seed, the living embryo, is in a relatively inactive state. The conditions 
under which seeds are stoned should be such as to keejp the embryo in this inactive 
state. That is t,o say, the tempc'rat ure should be kept fairly low and uniform, and 
the atmospheric humidity relatively low. If seeds are not stored in a dry place, the 
moisture prciseiit, may be sufficitmt, provided t here is the proper temperature^and 
oxygen supply, to start germination. If germination processes are started, it follows 
that, the rc'spiration rat.e increases, that there is a loss of dry weight, and a consequent 
diUTcase in the; amount of stored food and tluTcfore of stored energy in the seeds. 
S('eds stored in bulk uiuh'r such conditions may “ heat.'' This may be due in part 
to heat liberat,ed by the riisjiiration of the seeds themselves and in part to the heat 
of respiration of fungi and bactc^na growing on the sec^ds. The heat thus developed 
may become so intense as to actually kill the embryos. 

If they have beem thoroughly dried and are not allowed to absorb moisture, many 
seeds can withstand a short exposure to temperatures as high as 100° C, the boiling- 
point. of water, or a month at — 194° C., the temperature of liquid air. 

(5) Age of Seeds. — ^All seeds gradually lose their vitality with the lapse of time. 
The rate at which they lose their vitality depends upon the kind of seed and upon 
the condition of storage. The seeds of willow {Saltx)y for example, die unless they 
g('rminat<* within a few days after they are shed. On the other hand, the s(‘eds of 
some legumes have Ix'cn known to retain their vitality for fifty to eighty years. 
Recent studi<*s of Indian lotus ( Nvlambo nucifera) fruits which had lain buried in a 
jieat bed probably for more than 200 years showt'd a very large percentage ol the 
S(i(*ds to be still capable of germination. HoweviT, there is no reason for believing 
any of the frequent reports that the seeds placed in Egyptian t-ombs thousands ot 
years ago are still capable of germination. 
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Seed Testing. — Although there is often a correlation between size or weight of 
a seed and its vitality, it is impossible to distinguish from external appearance living 
from dead seeds without making germination tests. 

It is the practice of many growers to determine the percentage of germination of 
seed intended for planting. This is done by taking several hundred of the seeds 
and placing them in moist soil, sand, or sawdust, or between folds of cloth or blotting 
paper, and keeping them at a proper temperature. After a period, the length of 
which will depend upon the kind of seed, a count may be made of the seeds which 
have germinated, and the percentage of viable seeds may be determined. 

DORMANCY OF SEEDS 

Many seeds, though viable, are incapable of germination immediately 
after they become mature, even when placed under favorable conditions. 
This characteristic of certain seeds is called dormancy or delayed 
germination. The dormancy of cells is a well-known phenomenon. 
In dormant seeds, for example, are groups of meristematic cells in 
a resting stage. Such cells may remain in this condition of inactivity 
for many years. Resting cells capable of growth under suitable con- 
ditions also occur in stem buds, in root tips, and in vascular cambium. 
They occur in all sorts of special resting structures such as bulbs, 
tubers, rootstocks, and conns. There are various w^ays of bre^aking 
the rest period,’’ that is, of breaking dormancy. Whenever this 
is done, and by whatever methods, it mc^ans that inactive^ merisbun 
is stimulated to activity, and this may also involv(‘ nuiewcxl activity of 
storage cells far removed from meristematic zones. In a wheat grain 
for example, germinating is a renewed activity of ccTtain meristematic 
cells — their riiulti[)lication and differentiation. Rut in ordt^r to grow 
there must be a movement, of food to th(‘se c(‘lls. C'onsequently, 
activity of storage cells in the endosperm of the wheat grain nanoto 
from the growing points is initiated. First, nuiewt^d activity in storage 
cells results in a secretion of enzynu'S, among tlu'se l)(‘ir\g diastase, 
which digests starch, changing it to sugar. ( 'oincident is an increas(‘d 
permeability of cell walls, and then follows the diffusion of sugar from 
cell to cell, its entrance into conducting tissue, and its movement to the 
growing points. Then the cells of these regions multiply and diffenait i- 
ate. Growth has begun. 

Causes of Seed Dormancy. — Delayed germination in seeds may be 
due to stiveral causes, such as: 

1. Rudimentary embryos. 

2. Seed coats which prevent the intake of water. 

3. Embryos incapabk* of rupturing th(‘ se(‘d (;oats. 

4. Retardation of gaseous exchange. 

5. Necessity for after-ripening. 
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(1) Rudimentary Embryos. — Some seeds, such as those of GingkOy buttercup 
{Ranunculus ficaria)y corydalis {Corydalis cava)t herb-Paris (Paris quadrifolia) y and 
others, have immature embryos at ripening time. They must complete their 
development before germination, and the process of maturing may require weeks 
and sometimes months even under favorable conditions. 

(2) Seed Coats wh^ch Prevent the Intake of Water. — The so-called " hard seeds ” 
of alfalfa, sweet clover, and other legumes often fail to grow readily even when 
placed under excellent conditions for germination because their seed coats arc highly 
impermeable to water. The permeability of their seed coats can be increased by 

8(;arifying,” that is, by scratching the surface by various means. As a result, water 
can enter the seed more n'adily and germination soon takes place. Otherwise it 
may be years bcfor(‘> sufficient water enters to make germination possible. 

(3) Embryos Incapable of Rupturing the Seed Coats. In this case the embryos 
are mature and seed coats do not inhibit the intake of water but the seed coats are 
so tough that the }jn‘.8sure of the growing embryo is not sufficient to break them. 
Common pigweed (Amaranthus) seeds fall in this class. The exposure of such 
seeds to freezing and thawing and to the action of soil organisms gradually softens 
the coat s and makes germination possible. 

(4) Relardation of Gaseous Exchange. — ^The tissues surrounding the embryo may 
prev(‘n(. th(^ ready intake of oxygen by the embryo and perhaps also the giving off 
of carbon dioxide. This inhibition of gaseous exchange not infrequently retards or 
jirevents the growth of the embryo. The seeds of cocklebur (Xanthium) are delayi'd 
in germination on this account. 

(5) Necessity for After-ripening. — The embryos of some seeds, such as those of 
hawthorn {(\aiacgns)y apfiear to be incapable of germination even when the seed 
coats are removed and all extiTiial conditions are favorable for germination. Experi- 
rru'Tits show that, the diday is not due to any of the four causes already mentioned. 
Such seeds must go through a series of changes known as “ after-ripening.” In the 
hawthorn it has b('en found that the principal change associated with after-ripening 
IS an increase' in the acidity of the cell sap in certain portions of the embryo. It is 
believed that this acidity produces conditions which favor the absorption of water 
and the formation and activity of enzymes, and thus stimulates growth. In the 
hawthorn, the aft.er-nyx'ning jirocess may be hastened by treating the seeds with 
dilut-i' acids. This process may also be hastened in some instances by exposure of 
the* seeds to low temperatures, particularly to freezing or to successive freezing and 
thawing. 


SEEDLINGS 

We have stxin that in the germination of the seed the embryo grows, 
the seed coats burst, and the young plant emerges. For a time, the 
young plant is wholly dependent upon food stored within itself or within 
the endosperm, with which it may maintain contact for a time. Not 
until the shoot reaches the light and is thus able to manufacture its own 
food and until it develops a root system does it become independent. 
From the time when the young emerges from the seed to the time 
when it becomes entirely dependent upon food manufactured by itself, 
it is called a seedling. Seedlings may be divided into two quite distinct 
types, as follows: (1) Those in which the cotyledon or cotyledons are raised 
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above the ground (where they may function for a time as photosynthetic 
organs by the lengthening of the hypocotyl) ; and (2) those in which the 
cotyledon or cotyledons remain beneath the ground. In this type of seed- 
hng, the hypocotyl undergoes little or no elongation. 

The first type of seedling is illustrated by the onion (Allium) among 
monocotyledons, and among dicotyledons by such well-known plants 
as the common bean (Phaseolus vulgaris) ^ sc^uash (Cucurbita)y sun- 
flower (Helianthus), and apple (Pyrus). 

The second type of seedling occurs in all grasses and in many other 



monocotyledons, and in such dicotyledons as peas (Pisum) and scarlet 
runner bean (Phaseolus multiflorus). 

Several stages in the germination of the common bt^an (Phaseolus 
vulgaris) are shown in Fig. 242. Some of the stored food in the cotyle- 
dons is used by the developing root, but a considerable quantity still 
remains even after the cotyledons are raised above ground. Even 
before this food is exhausted, the cotyledons, which are now in the light, 
become green and carry on photosynthesis to some extent. However, 
the reserve food in them is gradually used up by the developing plant, 
and they shrivel until finally their epidermis alone remains. As soon as 
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the cotyledons unfold, the plumule begins to grow more actively, and 
very soon true foliage leaves are exposed to the light and begin their 
functions of carbohydrate synthesis and transpiration. 

In some plants, such as the castor-oil plant and buckwheat, the 
cotyledons are thin, and contain little stored food. They absorb food 
for the embryo from the endosperm and later serve temporarily as 



Fia. 243. — Stages in the germination of a seed of castor-oil plant {llicimis communis). 


photosynthetic organs. They remain attached to the seedling much 
longer than in th(' bean and carry on photosynthesis for some time. 

In the germination of the wheat grain, the primary root is the first 
embryo structure to emerge. The coleorhiza is ruptured but remains 
as a collar about the root where it breaks through seed coats and 
pericarp. Very soon s('vcral branches of the primary root appear, 
which, together with the primary root itself, constitute the primary 
root system. It will be recalled that the growing point of the plumule 
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and the young leaves are enclosed by the leaf sheath or coleoptile. In 
the growth of the plumule, the end of the coleoptile is broken open 
and the first foliage leaf emerges. It is from the first leaf node that the 
first adventitious roots arise. Other whorls of adventitious roots arise 
from the nodes above. Thus there are formed clusters of adventitious 
roots at the basal nodes, which are separated by very short internodes, 
The germination of wheat illustrates a t)T)e occurring in all grasses. 
In this group, as has been seen, there is one cotyledon (scutellum), 
which remains within the seed. It serves as a food-absorbing and food- 
transporting organ. The primary root system usually is temporary and 
soon dies. However, in some cereals it may remain alive and active 
for several months. It is followed by successive whorls of adventitious 
roots which constitute the permanent root system of the plant. 



CHAPTER IX 


RELATION OF THE PLANT TO ITS ENVIRONMENT 

In the preceding chapters of this book, reference has frequently 
been made to the effect of various external conditions or factors upon 
the development, structure, and activities of the various organs of 
the seed plant. It will be well to bring together here a statement of 
these various factors and their effects upon the plant. Collectively, 
these external factors are spoken of as the environment, and their 
effect upon plants and animals in nature is the special field of that 
branch of biology which is called ecology. It is well known that two 
individuals of a given plant species may differ very greatly if grown in 
different environments. Thus, most plants of a given species differ 
greatly in size, form, foliage, and other particulars, when grown in dry 
hard soil by a roadside where they are exposed to strong sunlight, from 
other plants of the same species grown in a cool, moist, and shaded 
ravine. Trees of a given species grown near timber line are strikingly 
different from individuals grown at lower altitudes. Environmental 
factors may be classified as follows. 

1. Cliniatic factors, those which act upon the plant through the* 
atmosphere. 

2. Edaphic factors, those which operate through the soil. 

3. Biotic factors, those arising from the presence of other plants tmd 
animals. 

Some of the principal factors under each of these three groups are: 

Climatic factors: 

Heat. 

Temj)erature. 

LiKht. 

Carbon dioxide concentration. 

Atmospheric humidity and precipitation. 

Wind. 

Edaphic factors: 

Available water in the soil. 

Air in the soil. 

Temperature of the soil. 

Quantity and nature of the soil solutes. 

309 
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Biotic factors: 

Competition among different species. 
Grazing by animals. 

Soil bacteria, algae, and protozoa. 
Parasitic fungi. 

Insects that injure plants. 

Insects that carry pollen. 


TEMPERATURE 

Each of the physiological processes which go on during the life of 
any particular plant has certain temperature limits (maximum and 
minimum) between w’hich it can take place, and a characteristic tem- 
perature (optimum) at which it goes on most actively. 

The minimum, optimum, and maximum temperatures for one process 
may differ considerably from those of another process taking place 
in the same plant at the same time. Moreover, in the case of a given 
process, such as photosynthesis, the cardinal temperatures may vary 
rather widely in different species. The minima seldom are lower than 
one or two degrees above 0° C., and the maxima are generally below 
45°. Even in those parts of the world where the temperature for a 
period is below the minimum for vital activities plants may exist. In 
such cases the plants remain dormant except for the relatively short 
periods during which the temperature rises above the minimum. It 
is a familiar fact that some plants not only can not carry on tladr vital 
functions at low temperatures but are actually killed even by short 
exposure to temperatures at or slightly below the freezing-point of 
water. It is also recognized that different tissues of the same plant vary 
in their resistance to low temperatures. 

When plant tissue freezes, water is withdrawn from the cells into the 
intercellular spaces where ice crystals are formed. Injury resulting 
from freezing temperature appears to be due, in part at least, to this 
withdrawal of water from the protoplasm with the resulting high con- 
centration of salts which may cause precipitation of the proteins of the 
protoplasm. If this precipitation is extreme or persists for some time 
the cells are killed. 

In some of these cases the resistance to low temperatures seems to 
be due to peculiarities, as yet unexplained, of the protoplasm, which 
make it immune to the injurious effects attending ice formation. In 
others, resistance is due to certain substances, sugar, for example, 
which are present in the cell sap in such quantities as to prevent freezing 
of the water in the protoplasm except at very low temperatures. At 
0 ° C. pure water freezes, but any non-volatile solutes in solution in 
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water lower the freezing-point. The greater the concentration of 
solutes in the solution the lower will be the freezing-point. The 
change of stored starch into sugar, which takes place at low temperatures 
in some plants, protects them from being killed by low temperatures. 

Gardeners commonly practice the process of “hardening^’ their transplants. If a 
tomato plant, for instance, is removed suddenly from a warm greenhouse in the 
spring to the garden out-of-doors, it has little resistance to low temperatures, and 
the death point, temperature at which it will be killed by cold, is relatively high. 
The usual procedure is to move the plants from the greenhouse to a cold frame where, 
after remaining for a time where the temperatures are intermediate between those 
of the greenhouse and out-of-doors, the plants may be planted with safety in the open. 

Differences in temperature in different parts of the world and at 
different altitudes constitute what is probably the most important 
factor in determining what plants shall or shall not grow in a given 
region. 


LIGHT 

We shall mention only a few of the effects which differences in 
intensity of light produce in the structure and activities of plants. 
By tlie term light we mean to include all the energy (radiant energy) 
which reaches the plant from the sun. Light inay^ affect the plant and 
its activities in th(' following ways: 

1. By reason of the dependence of the process of photosynthesis on 
the intensity of illumination. 

2. By heating effect. 

3. By furthering transpiration through heating of the leaf. 

4. By its effect upon the direction of growth of certain plant, organs 
and upon orientation of leaves. 

5. By its effect upon the distribution of plants. 

6. By the effect, not only of light intensity but of duration of illumi- 
nation upon the rate of growth and development of plants and par- 
ticularly upon flower production. 

7. By its effect upon the form and internal structure (anatomy) 
of leaves. 

8. By its effect upon the form of the shoot system of plants. 

As we have already learned, the rate of growth of green plants past 
the s(H'dling stages will be determined largely by the surplus of food 
produced above that, respired. The amount of this surplus will depemd, 
within certain limits, upon the intensity and durati()n of illumination. 
Very intense direct sunlight, however, may be detrimental to plants. 

Plants growing in habitats where they are exposed much of the time 
to very strong sunlight generally have smaller leaves and shorter inter- 
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nodes than shade plants and are accordingly of more compact form. 
The difference between the form of trees which have developed as 



isolated individuals and that 
of others of the same species 
which have grown in a forest, 
closely surrounded and ac- 
cordingly largely shaded by 
other trees, is principally due 
to differences in illumination. 
Many other examples of the 
effect of illumination upon 
the form of the shoot system 
could be cited if space per- 
mitted. The leaves of shade 
plants, in addition to being 
in general larg('T than those 
of sun plants, are almost al- 
ways more or less horizontal 
so that the light falls upon 
them at right angles to their 
surface. Those of sun plants, 
such as eucalyptus and the 
various so-called compass 
plants (such as Silphium 
laciriiatum) , hang down or 
are held perpendicular, and 
as a result the sun's rays 
strike the leaf surface at an 
acute angle and less radiant 
energy is a]:)Sorbed by the 


B 


A 


leaves than if the leaf sur- 


Fig. 244 — Two potato plants, A , grown in the 
light, and Bj grown in the dark. The two 
plants have the same number of internodes. 
A plant such as R, which has been grown 
in darkness, is white or yellow in color, has 
much longer internodes than a normal plant 
and has very much reduced leaves. Such a 
plant is said to be etiolated. lOtiolatcid plants 
cannot continue to grow after the food in the 
tuber, bulb or seed from which they have 
developed has been exhausted. (After Pfef- 
fer.) 


faces were horizontal. Since 
the various species of sun 
plants and of shade plants 
arc adapted to differences 
in illumination, so that they 
can develop best in habitats 
which are respectively in- 
tensely and weakly illumi- 
nated, it follows that, the 


distribution of these plants in nature will be determined by the intensity 


of illumination of different locations. 
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One of the most striking examples of the relation between illumina- 
tion and the development of certain species is furnished by the spring- 
flowering plants of the floor of dense deciduous forests. In the early 
spring before the trees have developed their leaves, the floor of such a 
forest is well lighted, but, later, owing to the growth of foliage of the 
trees, little light reaches the ground. Many small plants, such as 
Dutchman's breeches and squirrel corn (species of Dicentra) and Clin-- 
tonia, growing in such locations, develop their leafy shoots very early 
in the spring from underground storage structures. These leafy shoots 
utilize the light available, before they are shaded by the foliage of the 



Fig. 245. — Timothy plants grown under different lengths of day, as indicated by 
number of hours on the containers. The control plant (C) was grown under 
natural length of day. Photographed July 1, 1931. Heads were first found on 
a length of day of 135 hours, this being the shortest which was favorable to 
heading. (Photograph furnished from Journal of Agricultural Research, Vol. 
48, No. 7, 1934, article by Evans and Allard.) 


tre(' above them, and after a short period of very active food manu- 
facture tlui h^afy shoots flower and soon die. During this short period 
tluise i^ilants accumulate enough food in their underground storage 
organs to make possible the rapid development of another crop of leafy 
stems early in the next spring. In the case of many plants the develop- 
ment of flowers is depemdent not so much upon the' intensity of light 
as upon the relative length of day and night. Thus, some plants which 
flower only during the long days of June can be made to bloom in mid- 
winter if the length of daily illumination is increased by artificial lighting. 
And other plants which normally bloom and fruit in the autumn, when 
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the days are short, can be made to bloom and fruit in midsummer, if the 
length of day is shortened by placing them in the dark for a part of each 
day. 

Differences in illumination are largely responsible' for the very 
groat differences in the inte'rnal structure of the leaves of those species 
which are known as sun plants and those known as shade plants. The 
following are the principal anatomical characteristics of the leaves of 


sun plants and shade plants: 

SUN PLANTS 

Thick palisade parenchyma, Ihe cells 
being longer or the number of layers 
of i)alisade c('lls being greater. 

Spongy pari'iichyma not well developed. 

Thick leav(iS. 

Small intercellular spaces. 

Tliick and lu'avily cutinized epidermis. 

Stomata confined to Iowct side or more 
abundant on th(' lower side. 

Frequently smooth and shiny surface, 
capable of ri'flecting much of the light, 
falling upon them. 

Often d(‘nsely hairy. 


SHADE PLANTS 

Thin layer of palisade cells or none at 
all. 

Well-developed spongy parencLyma. 
Thin leaves. 

Large intercellular spaces. 

Tliin and slight ly cutinized epidermis. 
Stomata on both side's, the number on 
the two side's ne'arly eir quite the same. 
Generally dull siu'faces. 

Seldom very hairy. 


Similar diffe'renccs are frequently found between different individuals 
of the same sjK'cif's which are growing n^six'ctively in sunny and in 
shaded habitats. 


CARBON DIOXIDE CONCENTRATION 

Carbon dioxide is a raw material used in photosynthesis; conse- 
quently, as a factor of the environment it is of ver}^ great importance 
Ilowevc'r, under natural conditions conci'iitration of carbon dioxide in 
the atinosph(‘re varii's only within narrow limits. Accordingly, there 
are no recognizablt' ('ffects upon plants growing naturally which can b(i 
attributed to differences in carbon dioxide supply. 


ATMOSPHERIC HUMIDITY AND PRECIPITATION 

The significance of water for the life of the plant and the different 
indispensabki roles which it plays in the various vital proccisses have 
already beem discussed (Chapter V, page 170.) In this chapter we shall 
merely call attention to the ways in which variations in the water 
of the atmosphere may affect the plant. 
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Atmospheric Humidity^ — There is always, even in the driest regions, 
some water present in the air in the form of gas (wat(ir vapor). The 
water vapor in the atmosphere is spoken of as atmospheric humidity. 
When the air contains all the water vapor it can hold it is said to be 
saturated, but the percentage of water in a saturated atmosphere 
varies widely with the tempc'raturc. 

Precipitation. — Precipitation, that is, wat(‘r in the liquid form (rain) 
or the solid form (snow), is a factor second in importance only to tem- 
perature in determining the distribution of different plants in the 
various regions of the earth. It is not so much the total amount of 
precipitation falling throughout the year as its distribution throughout 
the year which determines what kind of plants will grow in a given 
region. For ('xample, in the tropics where the rainfall is heavy and 
rather uniformly distributed throughout iho year, the dominant vegeta- 
tion is evergreen forest; on the other hand, in those parts of the tropics 
where the total rainfall for the year is equally heavy, but. is restricted 
t-o a few months of the y(\ar, tlie forests are chiefly of the deciduous type. 

Of the total i)r('cipitalion, a part is absorbed by the soil, a part runs 
off and enters streams, and hence does not become available to plants, 
and a small portion is absorbed directly by such plants as certain algae, 
lichens, mosses, and by a few seed plants which have s})ecial aerial 
absorbing organs. Examples of the latter are the aerial root^s of ccTtain 
orchids. 

^ The amount of moisture in the air may be expressed in several different wnys. 
One of the most used and most convenient methods is to express it in terms of relat.i\e 
humidity. By relative humidity is meant the amount (weiij;ht) of water vapor in any 
(juantity of air, compared with tlie total amount of water vajior which the air is capable 
of holding at the temperature in question. Thus air which is water saturnted has a rela- 
tive humidity of 100 per cent. If only half the amount of water vapor necessary to 
saturate it is present the relative humidity is 50 per cent. Thus if air is m contact with 
a free waiter surface it is able at 0° C. to absorb w^ater until in one kilogram of this saturated 
nir there are 3.7tS grams of water vaiior. If this quantity of air, now having a relative 
humidity of 100 per cent, w'ere warmed to 10° C,, without its having opportunity for the 
absorption of more water, its relative humidity wamld be almost exactly 50 per cent 
because the quantity of w'ater present in a kilogram of saturated air at 10° is 7.5.3 grama 
or almost twice 3.78 grams. In the above sbitement it is assumed that atmospheric 
prt*asiire remains constant at 7G cm. of mercury. The humidity of the air surrounding 
the plant is the most important single factor in determining the rate of transpiration. 
Low humidity is often assumed to be principally responsible for the various devices which 
plants employ to reduce transpiration. (Sec discussion of transpiration, Chapter VI, 
pages 210-224). It is not, however, the percentage of water vapor in the atmosphere 
which determines, other things lieing equal, how rapid transpiration shall be. It is, 
instead, the percentage of water whicli the air can still absorb before'saturation is reached. 
With a given percentage of water in the atmosphere, this quantity increases with increase 
ill temperature. 
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oxygen for respiration by its diffusion into the roots through the root 
hairs and ordinary epidermal cells. This inward diffusion of oxygen 
from the soil atmosphere ordinarily goes on readily because of the thin- 
ness of the walls of these cells and the absence of a cuticle. A moder- 
ately dry soil, not excessively fine in texture, contains a large quantity 
of air in the pores between the soil particles. A very wet soil contains 
less air than would the same soil in a drier condition, for part of the 
space (larger pores) which would be occupied by water in the wet soil 
is occupied by air in the drier soil. In a water-soaked soil there is prac- 
tically no air save that which is dissolved in water. As a rule, the 
larger the soil particles and the looser and more porous the soil the 
better is the supply of oxygen to the roots. If the soil about their roots 
is continuously water-soaked, most plants die on account of insufficient 
oxygen supply. 

There are some plants which can thrive although the root system 
is submerged in water or surrounded by a soil which is water-soaked. 
Almost all such plants contain in the stem and root large communicating 
air spaces. Thus, air absorbed into the leaves and st('ms may reach 
the living cells of the root in sufficient quantity. Some plants (which 
thrive even though their roots are surrounded by water or water- 
saturated soil), like the bald cypress {Taxodium distichum) and various 
species in tropical mangrove swamps, produce special root branches 
which grow upward until their ends are above the water level. These 
special root branches have a central core of loose parenchymatous tissue 
through which air passes downward to the submerged parts. 

The composition of the soil air differs somewhat from that of the 
atmosphere. The air of the soil is considerably richer in carbon dioxide 
than that of the atmosphere ; this is due to the respiration of soil bacteria 
and other fungi and of the roots themselves. 


SOIL TEMPERATURE 

The temperature of a soil may very greatly affect the plants which 
grow in it. One of the principal effects of low soil temperature is tlie 
reduction of the rate of water absorption by the root. Actively tran- 
spiring plants may undergo serious water shortage even when their 
roots are in a soil containing abundant water if the temperature of the 
soil is very low. Evergreen trees, growing, as many of them do, in 
regions where the winters are cold, are in considerable danger of water 
shortage during cold weather; although their roots are unable to absorb 
much water from a cold soil, their foliage, which is retained throughout 
the winter, may, on sunny days, transpire considerably. It is probably 
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on this account, and also perhaps because the absence of vessels from 
their wood makes it less efficient in water conduction, that there is neces- 
sity for reduced transpiration and that these coniferous trees have linear 
leaves with relatively little surface, a very thick cuticle, and stomata 
depressed below the leaf surface. These are characteristics of xerophy- 
tic plants and, actually, even though they may grow in regions of rela- 
tively high humidity and soil moisture, these gymnosperms, such as the 
pine {Pinus)j fir (Abies), and hemlock (Tsuga) are xerophytic plants. 

The soil temperature depends upon a great many factors, chiefly 
(1) the air temperature, (2) the intensity of the sunlight, (3) the period 
during which the sun shines upon the soil, (4) the angle at which the 
sunlight strikes the soil, (5) the color of the soil (dark soils absorb heat 
more readily than light-colored soils), (6) the physical nature of the 
soil, (7) the amount of water in the soil (a wet soil is usually cooler than 
a dry one), and (8) the presence or absence of a layer of leaves or other 
soil cover. 


QUANTITY AND NATURE OF THE SOIL SOLUTES 

Water absorption by the roots can take place only if the concentra- 
tion of the cell sap of the root hairs is greater than that of the soil water. 
The adaptations of plants growing in salt marshes or in so-called alkali 
soils art' similar to those of plants growing where the soil is very dry or 
the humidity of the atmosphere is very low, and such halophytic plants 
have been shown to have cell sap in the absorbing cells of the root the 
concentration of which is higher than that in most other plants. If the 
root systems of most plants were exposed to such concentrations as 
exists in salt, swampy, and strongly ‘'alkali'^ soils, they would not be able 
to absorb suffici(*nt water to replace that lost by transpiration and would 
soon die. 

Sometimc's the soil water is deficient in one or more of the essential 
ek'ments which the plant must secure from the soil. It will be recalled 
that these elements are potassium, calcium, magnesium, iron, nitrogen, 
sulphur, and phosphorus, and certain others needed only in very minute 
quantity. Plants growing in such soils may have their growth much 
reduced or show other abnormalities. 

There is a wide variation in the tolerance of different plants for acid 
and alkaline soils. Certain plants, such as sour dock (Rumex aceto- 
sella), heather (various Erica species), and the moss (Sphagnum), grow- 
ing normally on quite acid soils, do not thrive in soils which are rich in 
lime. Other plants, such as salt bush (AtripUx), grow normally on 
alkaline soils, but do not flourish in acid soils. 
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THE INFLUENCE OF CERTAIN BIOTIC FACTORS UPON PLANTS 

Other species of organisms, both plants and animals, are as much a 
part of the environment of a given plant as are the various climatic 
and edaphic factors which we have mentioned above. Though in 
general these biotic factors are second in importance to the factors which 
have to do directly with soil and atmospheric conditions, they are of 
great importance, and sometimes (for example, in certain dangerous 
plant parasites) of greater importance than any other factor in deter- 
mining whether given individuals or species shall survive in a certain 
locaUty. 

In nature, plants compete for space, light, water, and inorganic 
salts. Ordinarily water is lost more rapidly from soil covered with 
plants than from bare soil. As the rcsxilt of the competition of plants 
for the water in a soil, certain species may die off b('cause of excessive 
drying of the soil by other species which absorb water more rapidly. 
In a similar manner, there is competition in a forest for light, and the 
dense shade of the larger plants may prevent the growth of smaller 
plants which would grow in the locality if it were not for th(' shading. 
On the other hand, certain plants which grow well benc'ath the trees of 
the forest because the temperature there is relatively low and the 
humidity high would not be able to grow in that locality if the tn^es were' 
removed. 

Grazing by animals may greatly affect the plants growing in a cer- 
tain habitat. Most species are unable to survive frc^iuent n'lnoval of 
leav(‘S and parts of the stem by grazing animals. As a result, those 
plants (principal!}^ certain grasses) w^hich are able to withstand cro])i)ing 
and to spread without seed formation (that is by rhizomes) tend to take 
full possession of a closely grazed piece of land. 

The soil itself contains manj^ simple organisms, such as algae, bac- 
teria and other fungi, and protozoa. Some of these, particularly cer- 
tain of the bacteria, add to the fertility of the soil by increasing the 
amount of nitrogen available for the seed plants growing in it. Other 
organisms in the soil may be injurious to seed-bearing plants either be- 
cause they lessen soil fertility (some of them greatly reduce the available 
nitrogen) or because they are the cause of root diseases. 

Parasitic organisms, bacteria and other fungi, nematode worms, 
and insects are biotic factors of very great importance'. The insect 
parasite, Phylloxeray which at one time destroyed most of the French 
vineyards, the fungus parasite causing chestnut blight, which has 
killed many of the chestnut trees of the United States, and the para- 
sitic fimgus responsible for the white pine blister rust, a plant disease 
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which has caused great losses of the white pines of the eastern United 
States, arc particularly striking illustrations of the importance of para- 
sitic plants and animals as living factors in the environment surrounding 
plants. 

TRANSFORMATION OF MATERIALS AND ENERGY BY THE PLANT 

If it were' possible to take moving pictures of the whole plant, show- 
ing in a few minutes all the movements of the plant over a period of 
one to several weeks, we could observer the roots twisting and turning 
and making their way around and between soil particles, the young 
shoots of germinating seeds forcing their way through the soil, and the 
movements of the i)arts of opening buds. In short, wc could see that 
various organs of the plant are in almost constant motion. The proto- 
plasm of many cells, probably most living cells, moves from one part 
of the C('ll to anoth(T. These movements and various other activities 
of the plant involve the ex^x'nditure of energy, and the only source of 
energ}" for any of the activities of the plant, except photosynthesis and 
transpiration, is the process of respiration. 

Mention has been made of the fact that if it were not for green 
])lants noiK^ of the animals or chlorophyll-free plants in the world 
could exist. This is true because the heterophytic plants (plants which 
lack chlorophyll and an^ accordingly unable* to make their own food) 
and the animals an* incapable of building up from the simple inorganic 
compounds in the soil and atmosphere the complex organic substances 
of which their bodi(*s are constructed. Th(* formation of these complex 
compounds, or foods, const itutc's the great role of gnxui plants in organic 
nature. The making of foods by plants is of very great significance 
f or two reasons : 

1. Because these foods furnish the material out of which the bodies 
of plants and animals are constructed. 

2. Because, in the making of these foods, energy from the sun, which 
is the workFs great source of energy, is stored, and this stored energy can 
be released within the bodies of the living organisms by respiration. 
Since green plants are responsible for important transformation (1) of 
materials and (2) of energy, it will be fitting to summarize these changes 
in material and energy. 

The Materials Which Green Plants Absorb and the Changes Which 
These Materials Undergo. — The principal substances which are taken 
into green seed plants in considerable quantity and which are essential 
to their proper development are as follows: 
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From the soil: 

Water. 

Salts, containing the following essential elements and certain others in minute 
quantity: 

Nitrogen — principally as nitrates but in some cases as compounds of ammonia. 
Phosphorus — as phosphates. 

Sulphur — as sulphates. 

Potassium 


Calcium 

Magnesium 

Iron 


In combination with one of the three pre(;eding elements. 


From the atmosphere: 

Carbon dioxide. 
Oxygen. 


The principal changes which these substances undergo in the plant 
will be briefly stated. 

Water . — In Chapter V, page 170, there will be found a statement 
of the various functions which water performs in th(^ living plant. 
Most of these functions do not involve, howevew, a transformation of 
water into any other substance, and it is with such changes tliat we an* 
now concerned. The water used in photosynthesis is so transform(^d, 
that is, it ceases to be water and becomes part of the sugar, prcsumabl}" 
glucose, which may later be changed into some other sugar or into starch, 
cellulose, or various other substances. The water which passc's from 
the plant during transi)iration in the form of water vapor is changc'd 
only in its physical form and not (chemically) into any other compound. 
During the process of respiration, organic compounds, presumably 
sugars, are broken down and water is formed again. 

Nitrogen, Phosphorus, and Sulphur . — These elements are particu- 
larly important as the raw materials, together with solubki carbohy- 
drates, of the amino acids from which proteins are built up. Proteins 
contain from 15 to 19 per cent of nitrogen and from I to IJ per cent 
sulphur. The formation of proteins and related substances probably 
takes place principally in the leaves. Phosphorus is found in some 
proteins, particularly the nucleo-proteins of the nucleus, which con- 
tain from 0.3 to 3 per cent of that element. Inorganic phosphates are 
changed to organic phosphorus compounds principally in the leaves. 
There is no evidence that animals are able to use nitrates, sulphates, 
and phosphates to build up their own amino acids or proteins. These 
latter substances are just as essential to them as to plants, but they 
are all secured directly or indirectly from plants. The nitrogen, sul- 
phur, and phosphorus which are absorbed by the plant (and the same 
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is true of potassium, calcium, magnesium, and iron) never leave the 
plant except when parts of the plant (leaves, fruits, flowers, or broken 
branches) are separated from it. If proteins containing these ele- 
ments are broken down in the plant, the simple compounds resulting 
are not excreted as is nitrogen in the form of urea by the higher animals. 
Instead, they are again used for the building up of proteins and amino 
acids. 

Potassium,, Calcium, Magnesium, and Iron . — Though all the higher 
plants must be supplied with these elements, we have little knowledge 



Fig. 251. — Tomato leaves showing, on the right, a leaf from a plant supplied with a 
sufhci('iit quantity of all the necessary minerals and, on th(' left, a leaf showing 
s})otting and otiier abnormalities characteristic of plants grown under conditions 
which were the sami' except that the supply of potassium was deficient. (After 
Johnston and Hoagland.) 

of the changes which the simple inorganic compounds of these elements 
undergo within the plant. Part at least of th(* rnagnc'sium is used in 
tlu' making of chlorophyll a and chlorophyll b. Iron is also essential 
to chlorophyll formation, although the chlorophyll molecule contains no 
iron. Iron is also btdii'ved to be concerned, perhaps as a catalyst, in 
oxidation processes in the plant. It may be that potassium, calcium, 
and iron perform their essential function without change from the simple 
inorganic form in wlxich they exist in the soil solution. 
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Carbon Dioxide , — Carbon makes up from 40 to 50 per cent of the 
dry weight of all plants, and the gas carbon dioxide is the source of all 
this carbon. The carbohydrates are utilized in the making of proteins 
and fats. When sugars, which are the principal directly respirable 
materials in the plant, are respired, carbon dioxide is again formed and 
liberated into the atmosphere. When plant parts die, the sugars, 
starch, cellulose, fats, and all other organic compounds are broken 
down by bacteria and other fungi and the carbon is finally set free from 
these compounds in the form of carbon dioxide. Thus there exists in 
nature a carbon cycle in which the carbon of carbon dioxide is con- 
tinuously being built up into complex foods, which are again broken 
down with the formation of carbon dioxide. The autophytic plants 
(those which possess chlorophyll and can make their own food), animals, 
bacteria and other fungi, both of the land and sea, may all play a part in 
this carbon cycle. In Chapter XII will be found a brief account of this 
cycle and a diagram illustrating the part played by different organisms. 

Oxygen. — Carbohydrates, protein — ^in fact all essential substances 
in the plant — contain oxygen in combination with other elements. 
This oxygen is derived for the most part from water or from carbon 
dioxide used in photosynthesis. But the plant also absorbs the free 
oxygen of the atmosphere. This is utilized solely for respiration and 
becomes part of the compounds produced by respiration. 

Nitrogen . — A few simple green plants, such as some algae, and cert ain 
bacteria are able to use as nitrogen for protein manufacture the free 
nitrogen gas of the atmosphere. Under natural conditions most of the 
nitrogen is secured from the soil in the form of compounds of nitrogen 
with other elements. 

In addition to the ten elements — carbon, hydrogen, oxygen, nitrogen, 
sulphur, phosphorus, potassium, magnesium, calcium, and iron — long 
recognized as essential to the continued growth and development of 
green plants, there are certain other elements, which are known to b(^ 
Ixmeficial or indispensable. For example, it has been found that mangan- 
ese, boron, copper, and zinc are essential to the growth of a number of 
different kinds of green plants, but that very small amounts suffice. 
Our failure to recognize earlier that certain of these elements are essen- 
tial is due to two facts. First, that they are needt^d only in very small 
quantities, and second, that tlie ‘‘chemically pure^^ com])ounds used in 
preparing culture solutions in the past have generally, or at least fre- 
qu(;ntly, contained unsuspected traces of these (dements epute sufficient, 
in quantity to supply the needs of the plant's growth in culture. 

Other elements concerning which there is some evidence indicating 
their importance to particular plants are: silicon, sodium, chlorine, 
aluminum, bromine, and iodine. 
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Energy Changes Brought About by the Plant. — We have already 
learned that certain chemical changes, for example, burning and rc'spirn^ 
tion, are attended by liberation of energy. 

It is one of the principal roles of green plants to take C(‘rt-ain of th(^ 
simple compounds (carbon dioxide and water) in which no available 
energy is stored and build them up into much more complex substances 
in which there is stored or potential energy. It is the energy of sun- 
light which is thus stored by green plants. These substances producc'd 
by plants are the source of all the energy wliich is used by animals within 
their bodies, and by heterophytic plants. Moreover, if we except the 
energy of falling water and wind, and that of the tides and waves which 
we may sometime be able to utilize, all the energy which is used by man 
for any purpose is secured from the energy stored in the substances 
made by plants. Our principal fuels, wood and coal, are unmistakably 
plant products. Pc'trokairn is also, in all probability, a direct or indirect 
product of green plants. The energy s('t frc'e in the form of heat when 
these fuels are burned can be changed into mechanical energy b}^ the 
steam engine or gasoline motor. This in turn may b(' transformed 
into electrical energy by the dynamo, and this again into light energy 
by the electric lamp or into heat again by the electric stove. But 
what('ver form it nia^^ take', the energy s(‘cured by the combustion of 
coal, wood, or petrolc'um is but the energy of sunlight which p(Thaps 
hundn'ds of c(‘nturies ago was absorlx'd by green leaves when carbon 
dioxide gas and water wctc being united in the leaves to produce the 
energy-storing substances from which these fiu'ls were formed. Green 
plants are them preeminent not only as makers of substances essential 
for the building and rc'pair of the bodies of all organisms but also as 
the storers of the surds energy for use within the bodies of organisms, 
and for use in the industries. The amount of energy which can be 
S('cured from other sources than the combustion of the products of 
photosynthf‘sis is only a small fraction of that used in industry. Man 
is accordingly, and may always be, dependent ui)on green plants for 
much of the energy used in the industries, as he is also for all the energy 
used within his own body. Tire following is a brief summary of the 
energy change's involved in the life of a green plant: 

I. Radiant energy of sunlight falls upon green leaves. 

II. A large part of this is absorbed by the leaves (in some cases at 
least as much as 80 per cent). 

1. Part of this is changed to heat, raises the temperature of the leaf, 

and is lost to the air if the air is cooler than the leaf. 

2. Part of it, after Iw'ing changed into heat, is used in changing water 

into water vapor during transpiration. 
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3. Part of the radiant energy absorbed (under natural conditions 
a very small part) is used in photosynthesis and stored in the 
carbohydrate molecules. 

III. The energy stored in that part of the carbohydrate which is 
transformed into cellulose is not liberated until the cellulose is burned 
or decays. 

IV. The sugars in the plant are in part respired, and their stored 
or potential energy is liberated. 

1. Of this energy, a large part is in the form of heat and is lost to the 

surrounding air. 

2. The remainder of the energy freed by the respiration of sugar is 

used for various i)hysical and chemical activities taking place 
within the plant. 

V. Sugars, or compounds formed from sugars, are used as food by 
animals or by those i)lants which can not make food. These are in 
part respired by these organisms and furnish heat and other forms of 
energy nc'cessary for the life processes. In the case of the higher animals, 
the heat produc(‘d is in i)art used to maintain the temperature essential 
to the health of t he animal. 

VI. D('ad plant tissue or ])lant products may decay. In that cas(i 
carbohydrates or other energy-storing substances are brok(‘n down by 
bacteria and oth(T fungi which cause decay, that is to say, th(‘se sub- 
stances are respired by the organisms of decay and lilxTate energy, 
partly as heat and partly in other forms used by th(' bacteria and other 
fungi. 

VII. When dead plant tissues or plant products are burned as fu(d, 
the compounds of which they consist are broken down into carbon 
dioxide, water, and other simple compounds, and energy is liberated 
as light and heat. 


PLANT ASSOCIATIONS 

Rarely in nature do individual plants grow isolated from other 
individuals of th(' same species. On the contrary, plants, like human 
beings and other animals, generally live in associations, groups or com- 
munities, such as foH'st and m(‘adow. This community life among 
plants, as among animals, is largely a response of individual plants to a 
given set of environmental conditions. W’^cj may speak of a black spruce 
community, a maple-birch community, a water-lily community, and so 
on. Those communities are very seldom made up of individuals of a 
single species. Even though the community is designated by the name 
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or names of one or a few of the most prominent (dominant) species, a 
considerable number of species is almost always present. Plant commir- 
nities or associations, such as a yellow pine forest or a sphagnum swamp, 
generally owe their origin largely to the existence in a given location of 
environmental conditions particularly favorable to the species which 
they include or at least unfavorable to species with which they would 
be forced to compete in other locations. At the same time a plant asso- 
ciation once established may have a marked influence upon its sur- 
roundings. It may modify the texture and water conkmt of the soils 
and the amount of soil salts; and to a certain degree it may alter light, 
humidity, temperature, and air movement in the vicinity. This is true 
not only of natural plant associations but also of those artificial plant 
associations established and maintained by man. Thus windbreaks 
may gn'atly reduce water loss from the soil on their leeward side, and a 
heavy crop of corn will change considerably the quantities of various 
mineral salts in the soil. So it is that just as the environment affects 
the character of vegetation, the vegetation may to some extent react 
upon th(' environment. Although it is important to know wliat influence 
certain soil conditions have upon the growth of our crop plants, it is 
oftem as important to understand what effect a given crop is going to 
have ui)on the soil and thus upon crops which follow it. Our orchards, 
fields, and gardc'iis are cultivated commxmities of plants. Many problems 
arise as to the best methods of handling these communities, and these 
probk'ms may b(' quite different from those which arise in connection 
with the individual plant. 

Plant Invasion. — There is a tendency for plant individuals and plant 
communities or associations to extend their areas of distribution; this 
implies the invasion of new territory. For ('xample, the se(‘ds from an 
individual plant may be carri(*d by various agencies such as wind, or 
birds, to places more or less rc'mote from the parent plant. If the seeds 
find in thc^se new areas conditions suitable for their germination, and if 
the plants can grow to maturity in the new habitat, reproduce, and 
finally becona' established there, then invasion is complete. Striking 
examples of the invasion of a species are furnished by certain weeds. 
Seeds of the Kussian thistle found their way into the United States 
in 1873 in flaxsecid brought from Russia and sown near Scotland, 
South Dakota. As a Result of its very efficient means of seed dispcjrsal 
and its ability to bi^come established in a variety of soil and climatic 
conditions, the Russian thistle has invaded a large part of western 
United States. 

A plant association such as a forest may also invade territory and 
displace another association. For example, a bumt-over mountain 
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slope, temporarily occupied by an herbaceous growth, may be invaded 
by the dominant tree species of the region, together with their plant 
associates, and as a result a characteristic forest growth comes to occupy 
the area. 

There arc in nature various barriers, which prevent species or plant 
communities from extending their geographical range. These may be 
either physical or biological. Deserts, mountain ranges, and large 
bodies of water are physical barriers. For example, hydrophytic and 
mesophytic species can not successfully invade a desert and spread to 
suitable habitats beyond. Vegetation may be a biological barrier. A 



Fig. 252. — Inva.sion of bad-land slopes by Russian thistle {S^ahola kali var. tenuifolia). 
(Photograph furnished by F. E. Clements.) 


dense forest, for example, is a barrier to the invasion of light -demanding 
sp('ci(^s, which are prevented by the forest from extending thcdr distribu- 
tion in that direction. 

Plant Succession. — A plant association existing in a given location 
does not necessarily remain permanently in possession of the area in 
question. Thus if we observe over a period of years the vegetation 
of an area, small or large, we may note that its charachir changes; that 
there may be a succession of plant communities, one replacing the 
other, and successively occupying the same ar(‘a. In some cases such 
succession goes on at too slow a rate to be observed within a single life- 
time. The following three types of succession of associations have been 
recognized: 
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1. Regional successions ^ due to widespread climatic changes. 

2. Topographic successions^ due to changes in topography resulting 

from erosion or deposition of material, as at the base of cliffs 
or at the mouths of stn^ams. 

3. Biotic successions, due to plant and animal factors, such as the 

accumulation of humus in the soil or the destruction of some 
species by insect parasites or plant diseases. 

An example of an extensive regional succession is the invasion, fol- 
lowing the glacial period, of southern species into those regions which 



Fig. 253. — Invasion of sandy plains by evening primrose, Colorado Desert. (Photo- 
graph furnished by F, E. Clements.) 

experienced marked climatic changes due to the recession of the conti- 
nental ice sh('et. 

Topographic successions are more rapid than regional successions. 
They are well illustrated in the development of flood plains along rivers, 
where erosion and defiosition of sediment bring about progressive 
changes in the habitat which result in corresponding progressive changes 
in the vegetation. 

Biotic successions are seen to advantage in the filling of ponds and 
lakes, wh(Te there is an accumulation of humus, resulting from the death 
of the plants. The original aquatic vegetation is displaced by swamp 
vegetation, and this in turn by a mesophytic type. 

The Climax .^ — Wherever bare areas arise, as the result of the 

^ This section on the climax was prepared by Dr. F. E. Clements of the Carnegie 
Institution of Washington. 
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destruction or removal of the plants by fire, landslide, climatic changes, 
or other cause, development of a new plant cover is initiated by invasion 
and carried forward by succession through a series of communities. 
The successional process terminates in a final stable vc'getation that 
persists until again removed by some disturbing agency or displaced 
by a major change of climate. This ultimate or adult community of 
plants is termed the climax, not merely because of its position at the 
end of the series of successions, but also by n^ason of its close dependence 
upon the corresponding climate. The most familiar climaxi^s are the 
deciduous forest of the East and the prairie of the West, which before 
the coming of white men were more or less continuous over vast regions. 



Fig. 254. — Initial community of lichens on petrified logs, Petrified Forest, Arizona. 
(Photograph furnished by F. E. Clements.) 


Even then, however, these extensive climax communities were inter- 
rupted here and there by lakes and streams, by rocky ridges and cliffs, 
sand dunes and bad-lands in which succession was slowly but steadily at 
work, building up or stabilizing soils and thus extending the climax 
community. With the entrance of white jsettkTs, th(i destruction of the 
climaxes by fire, lumbering, and clearing kepi pace with the westward 
movement, and each climax became a mosaic of remnants of forest or 
prairie with innumerable successional stages in a general pattern of 
cultivated fields. 

Here and there where the reaction of the plant community upon its 
environment was especially slow, a certain stage in succession would 
persist for centuries and thus simulate a climax. Familiar examples 



Fkj. 255 . — Climax of dociduous forost alonpj the upper Delaware River. (Photo- 
graph furnished by F. E. Clements.) 


Wh('r(' f()i'(‘st fires liav(' bcK^n frequent, lh(' succession is unabk' to pro- 
ceed to lh(' climax jiroper, but is halted usually in the pn^ceding pine 



Fig. 256. — Climax of mixed prairie eom|)osed chiefly of S/ipa and Agropprum species. 
S(;ottsbluir, Nthraska. (Photograph furnished by F. E. Clements.) 


community. This is then termed a subclimax and is well illustrated 
by the pine-barrens of the Atlantic Coast, the jack-pine woods of the 
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Lake region, and the lodgcpolo-pine forests of the Rocky Mountains. 
Overgrazing may often produce somewhat similar consequences, such 
as the short or buffalo grass subclimax of the Grc'at Plains or the tail- 
grass prairie of the Mississi[)pi Valley. 

Quite apart from the modifications duo to succession and disturbance, 
each climax exhibits a more or less definite structure. This is due in 
[lart to variations in climate over such a great area as that occupied by 
(he prairie or hardwood forest, and in part to the differences in the 
re(]uirements of the controlling species or dominants. For example, the 
prairie climax or formation is subdivided into some six commimities or 
associations on the basis of various groupings of the dominant grasses. 
These are (1) the true prairie of the Missouri Valle}", (2) the coastal 
prairie of the western Gulf region, (3) the mixed prairie over the Great 
Plains from Saskatchewan to Texas, (4) the desert plains in the South- 
west, and (5) the bunch-grass prairies in the Northwest, and (6) Gali- 
fomia respectively. The deciduous forest exhibits three associations, 
the more northerly mapk'-beech, the oak-chestnut of the Aiipalachian 
region, and the wide extent of oak-hickory that encloses thc'sc* on the 
east, south, and west. The great transcontinental band of the spnice- 
fir cUmax is divided into an eastern and western association, while the 
conifi'rous climaxes of the gri'at ('ordilk'ras are repri'sented by different 
groupings in the Rocky Mountains and tlu' Sii'rra-C’ascadc' system. 
Other climaxes are constituted by the giant trees of the northwest 
coast, by the elfin-w'ood or chaparral of C'alifornia, the sagebrush of 
th(' Gri'at Basin, and the di'sert scrub of the Mohavi', Golorado, and 
Sonora deserts. 

This chapter and the preci'ding ones have di'alt largely with those 
features which are common to all or at least most, of tk; s(‘('d-b('aring 
plants. In Part II, attention will lx; directed more particularly to the 
sl.ructural (morphological) and functional (i)hysiological) diffen'iices 
('xisting b(‘tw(‘en different plants. Instead of limiting ourselves (,o t,lu' 
Spermatophyta, as in Part I, we shall discuss rei)res('nt,atives of ea(;h 
of the five great divisions of the plant kingdom. In addition, an ai.tc'inpt 
will be made to indicate the general course of evolution by which, from 
very simple and primitive plants, the complex and highly differentiatcHl 
Spermatophyta have arisen. 
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A Survey of the PijAnt Kingdom with Particular Emphasis upon 

JlEVELOPMENT, KEPRODUCTION, AND EEI^ATIONSIIIPS, INCLUDING ALSO 

A Chapter on Evolution and Heredity 




CHAPTER X 


INTRODUCTION 

Point of View. — In the first part of this volume we have discussed 
the form and anatomy of the various organs of the plants belonging to 
the Spermatophyta, and have given an account of the physiological 
processes going on in these plants. 

In the second [)art we shall be mostly concerned with the groups, 
Algae and Eungi, which make up the subkingdom Thallophyta, 
and with the Bryophyta and the Pteridophyta which with the 
Spermatophyta constitute the subkingdom Embryophyta. In our 
study of these plants and of a few representatives of the Sperma- 
tophyta, we shall attempt to emphasize the following considera- 
tions: 

1. The probable course of evolution from the simplest plants through 
forms of increasing complexity to the seed plants, which are the most 
highly organized of living plants. 

2. The great variety in form and structure of the organisms making 
up the plant kingdom. 

3. The peculiarities in structure, and particularly in function, by 
which many of the simpler plants manage to live successfully under 
conditions very different from those surrounding typical seed plants. 

4. The importance of certain simpler plants, particularly the bacteria 
and other fungi, in relation to health, and to agriculture and other 
industries. 

5. The function of reproduction in plants and particularly the 
mechanism of inheritance. 

6. The principal laws of heredity and of evolution as illustrated by 
plants. 


THE MEANING OF PLANT RELATIONSHIPS 

There exist in the world today about a quarter of a million different 
kinds of plants which have been described and named, and the number 
of named species of animals is much greater, nearly a million. New 
species are constantly being discovered by the systematic botanist and 
zoologist. 
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Among this great variety of different kinds of organisms there are 
many groups of species which obviously resemble each other more than 
they do any other kinds of organisms. Familiar examples of groups 
of similar species are the oaks, all of which bear acorns and most of 
which have pinnately lobed leaves; the mints, which generally have 
square stems and whose foliage often has an aromatic odor; the beans, 
peas, and similar plants, whose fruits are pods or legumes and whose 
flowers are of a form which suggests a butterfly; and the toadstools and 
mushrooms with their stalked, umbrella-shaped caps. A careful com- 
parison of the organisms about us would reveal, even to one with- 
out special knowledge, many more such groups of strikingly similar 
plants. 

Both the existence of so many different kinds of organisms and the 
striking similarity between the members of such groups as have just 
been mentioned demand an explanation. 

We have already referred to the two explanations which have been 
offered in the introductory chapter at the beginning of this volume. 
The first is the theory of special creation, which assumt's that each 
species that exists or ever existed was separately created, and that each 
of the specially created individuals of a species was endowed with the 
power of producing other individuals like itself, but was without ability 
to give rise to individuals differing from it. This Ihe^ory does not fur- 
nish any explanation of the close resemblances which exist betwo(m 
certain kinds of organisms. 

The second explanation is the theory of organic evolution. So 
closely is the name of Charles Darwin associated with this thc^ory that, 
many persons without biological training believe that the theory orig- 
inated with him. Actually it had its beginning as early as the time of the 
Greek philosophers, long before the beginning of the Christian era, and 
it was clearly and comprehensively stated by Lamarck, who was born 
more than sixty years before Darwin. Darwin was one among many 
scientists of his time who accepted the theory of organic evolution. His 
special service lay in his attempt to work out the factors in nature by 
which organic evolution has been brought about and his masterly pres- 
entation of the evidence in support of the truth of organic evolution. 
In a subsequent chapter we shall give an account of his work and of 
later attempts to discover how the evolution of plants and animals 
goes on. 

Evolution is a process in which great differences arise through a 
succession of relatively slight changes. It is clear that such a process 
is constantly going on among other things besides plants and animals. 
History teaches us that present-day governments, methods of education, 
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agriculture, medicine, manufacturing processes, dress, machinery, 
weapons, methods of warfare, means of communication, and everything 
else in our modem civilization have come about through evolution. 
History is indeed merely an account of the evolution of human institu- 
tions, arts, and practices. Inorganic evolution (the evolution of other 
tilings than organisms) is illustrated by the collections, which may be 
found in many great museums, showing the history of development in 
human apparel, implements of various sorts, optical instruments, etc. 
Within our own life many of us have witnessed practically the whole 
course of the evolution of the aeroplane and methods of wireless com- 
munication. The geologist can inform us very fully in regard to the 
evolution of the hills, valleys, streams, and other features of the regions 
in which we live, and the astronomer knows much of the evolution of our 
earth and other planets and of the sun and stars. 

It is, however, with the evolution of organisms (organic evolution) 
that we are here concerned. The now generally accepted explanation 
of the great number of plants and animal species, and of the close simi- 
larity existing between some of these, is called the theory of organic 
evolution. 

The principal features of this theory are briefly these: 

1. The existing kinds of plants and animals and all the kinds that 
are now extinct, with the exception of one or a few original and very 
simple forms, have arisen from preexisting kinds by relatively slow 
changes. 

2. If the preceding proposition is true, it follows that all the dif- 
ferent kinds of plants and animals are related. 

3. Those species which are similar in many particulars are closely 
related, that, is, th('y are not separated by many forms from a common 
ancestor (species) from which they have all descended. 

4. Althougli it is natural to look upon evolution as progressive, that 
is, as such that it results in an increase in complexity and differentiation, 
it may often be retrogressive and result in a development of forms hav- 
ing less complexity and differentiation than their ancestors. 

If we could secure specimens of all the kinds of plants and animals 
which now exist or which ever have existed, it should be possible by com- 
parison of their structures to work out the whole course of evolution. 
Many si)ecies of plants and animals have become extinct. In the 
(sase of a fe^w spescies ext inction has actually taken place since man has 
b(‘(‘n st udying plants and animals, and thousands of kinds of organisms 
died out before the animal species we call man was himself evolved. In 
the rocks wts finti the nsmains of some of these extinct plants and animals 
as fossils. These remains are in many cases mere fragments of the 
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bodies of these organisms, and it is probable that fossil remains of many 
of these extinct plants and animals, parti^larly of the simpler and 
more primitive forms, will never be founds and we shall never have 
direct knowledge that such plants or animals ever existed. 

CLASSIFICATION OF PLANTS 

In spite of the fact that our knowledge of the extinct species, and 
of living species too, is very incomplete, it is possible for us to trace with 
considerable certainty the course of evolution within certain groups 
of related plants. Thus we arrive at a natural classification of such 
groups. Our conclusions in such cases are largely based upon a com- 
parison of the structure and development of the plants or animals in 
(piestion. Experience teaches us, however, that certain resemblances 
betw(^en different species are not to be considered as evidence of their 
close relationship. Thus the fact that a fly and a sparrow both have 
wings is no basis for the conclusion that these two winged animals are 
more closely related to each other than they are to any wingless animals. 
Though the wings of these two kinds of animals are superficially alike, 
since they are organs adapted to the same function, a study of their 
structure and development shows that in most respects they are dis- 
similar organs. The wing of the fly is in a reality a flap of skin, while 
the wing of a bird corresponds to the fore limbs of the quadrupeds. 
Organs which are superficially similar merely because adapted to the 
same function, but which have not been evolved from the same structure 
possessed by some common ancestor are said to be analogous. Organs 
such as the wing of a bird and the fore limb of one of the higher animals, 
which, though perhaps differing in function, have had a common origin 
in evolution are spoken of as homologous. Thus, as we shall later 
show, the leaves of a moss plant and of a tree are analogous but not 
homologous, whereas the scales of a pine cone and the leaves of a maple 
are presumably homologous. 

Characteristics Used as Bases for Plant Classification. — Since we 
shall be concerned to some extent, in the following chapters, with the 
relationship of the various plants discussed, we may well mention a few 
of the characteristics of plants which are used to determine relationship. 
These vary in their value in different groups of plants. 

1. Cell Structure. 

One of th(^ simplest groups of plants (the blue-greeu algae or 
Myxophyceae) is made up of individuals, the cells of which, with 
few exceptions, have no nuclei. There is considerable reason to 
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believe that they are rather closely related to the Bacteria, which 
are also without definite nuclei. Other examples might be cited 
in which similarities of cell structum seem to indicat (» relationship. 

2. Arrangement of Cells. 

In some of the very simple plants, each cell division is followed by 
a separation of the daughter cells, so that an individual plant 
consists of a single cell; in other simple plants the cells remain 
together in pairs; in others they form filaments, sheets of cells, 
or cell groups of various shapes. Although all these different 
types of cell arrangement may occur in different groups of plants, 
they often do indicate the relationship of species within one of 
these groups. 

3. Presence or Absence of Certain Vegetative Organs and Tissues. 

The possession of roots by all the Pteridophyta is probably an 
indication that these plants are more closely related among 
themselves than are any of them to the mosses or other rootless 
plants. The absence of vessels from the wood of most gymno- 
sperms indicates that these plants are more closely related 
among themselves than they are to the angiosperins, in most of 
which vessels occur. 

4. Similariiy of Reproductive Structures. 

(comparison of the flower parts or of other structure's connected 
with sexual reproduction is one of the most used and most 
dependable bases for judgment as to the relationship of plants. 
The vegetative structures of closely ndated plants, such as th(^ 
leavc's, may be adapted to very different environmental condi- 
tions and so may be dissimilar. Their reproductive structures, 
on the other hand, being shorter-lived, are subjeci(‘d for shorter 
j)eriods to environmental influences. In general, their relation 
to the environment is not so close and they are therefore less 
likely to change in response to diffenmees in the environment. 
Keprodiictive structures are more conservative than vegetative^ 
organs and are therefore more dependable as indie^ators of 
relationship. 

A decision as to the relationship of two species or plant groups is 
generally based upon several similar characteristics. A single charac- 
teristic, especially if it relate to vegetative structure, is in many cases 
not considered a safe basis for judging relationship, for similarity or 
difference in respect to this characteristic may be due to the influence 
of environment. 
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Our knowledge of plants is too incomplete for us to work out a 
natural classification which will show the real relationships of all plants. 
Accordingly, the classifications of plants which we use are in part 
natural and in part artificial. Systematic botanists are constantly 
endeavoring to increase our knowledge of the evolution of the plants 
with which we are acquainted and thus to approach more nearly to the 
ideal of a complete natural classification. The following classification 
gives the principal groups of plants of which the plant kingdom is 
made up. 


A Classification of the Plant Kingdom 


Scientific Names of the Groups 

THALLOPHYTA 

Algae 

Myxophyceae 

Chlorophyccae 

Phaeophyceae 

Rhodophyceae 

Fimgi 

Schizomycetes 

Myxomycetes 

Phycomycctcs 

Ascomycetes 

Basidiomycetes 

EMBRYOPHYTA 

Bryophyta 

Hepaticae 

Musci 

Pteridophyta 

Lycof)odineae 

Equisctineae 

Filicineae 

Spermatophyta 

Gymriospermae 

Angiospermae 

Dicotyledones 

Monocotyledones 


Common Names 


Blue-grccn Algae 
Green Algae 
Brown Algae 
Red Algae 

Bacteria 
Slime Fungi 
Algal Fungi 
Sac f\ingi 
Club I'ungi 


Liverworts 

Mosses 

Club mosses and related plants 

Horse-tails 

Ferns 

Conifers and related plants 
Flowering jdants 
Dicotyledons 
Monocotyledons 


The two divisions (Algae and Fungi) into which the subkingdom 
Thallophyta is subdivided are artificial groups based upon the manner 
in which these plants secure their food. The algae, with few excep- 
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tions, are able to carry on photosynthesis and are therefore independent 
of any other organisms. The fungi, on the other hand, must, like ani- 
mals, secure their food ready made. That is, the algae are autophytic 
and the fungi heterophytic. Actually, however, some of the fungi are 
no doubt more closely related to some of the algae than they are to 
certain other species of the fungi, and certain algae are more closely 
related to certain fungi than they are to certain algae. 

A classification which is in many respects preferable to the classifi- 
cation given above places all plants in two large groups, one including 
the Thalloph3^a and Bryophyta, which are non-vascular plants, the other 
including the Tracheophyta, or vascular plants. Within the Tracheo- 
phyta arc the following four sub-groups: 

1 . Psilopsida — most primitive vascular plants, represented chiefly by fossil forms, 
although a few living forms are in existence. 

2. Lycopsida — represented by Lycojpodmm^ Selaginellaj Lepidodendron^ and 
hnctfs, 

3. Sphenopsi da —represented by Equisetum, and other closely related forms, liv- 
ing and fossil 

4. Pteropsida — represented by the ferns, the gymnosperms, and the angiosperms. 



CHAPTER XI 


THALLOPHYTA— ALGAE 
CHARACTERISTICS OF THE THALLOPHYTA 


The name Thallophyta means thallus plants, a thallus being a 
plant body without true roots, stems, or leaves. There are, however, 
thallus plants in other groups besides the Thallophyta, and in some 
plants belonging to the Thallophyta there are structures which resemble 
superficially the roots, stems, and leaves of the flowering plants and 
which perform the same functions, at least in part. 

The Thallophyta include plants of great diversity, many of which 
have little in common save the small size and simplicity of most of them. 
In size they vary from bacteria, many of which have a diameter of less 
than 1/2000 millimeter, to the giant brown seaweeds of the C'aliforuia 
coast, which may be several hundred feet long. Typically, the Thallo- 
phyta are aquatic plants, but most of the fungi, though i)referring 
moist locations, do not thrive if submerged in water. 

The multiplication and distribution of thallophytcs are generally 
accomplished by means of spor(;s. These arc single protoplasts, naked 
or surrounded with a cell wall, which, after becoming s(*parat('d from 
the plants producing them, can develop into new individuals. 

Methods of Reproduction. — Within each of tlu' t hree divisions of the 
Embryophyta (Bryophyta, Pteridophyta, and Spermatophyta) then* 
is a general similarity in methods of reproduction, but among the 
motley assemblage making up the Thallophyta there is great variety 
in this respect. Reproduction in the Thallophy1,a may be either by 
the asexual or the sexual method. In the former method each new 
individual is the product of a single parent plant, whereas in the sexual 
method each new individual develops from a cell (the zygote) which Is 
the product of the fusion of two protoplasts generally originating in 
different parent individuals. 

Asexual Reproduction. — Fission . — ^Thc simplest form of asexual 
reproduction is called fission. It is restricted to unicellular organisms 
and is the sole method of reproduction employed by the most primitive 
plants. It consists merely in the division of a single-celled individual 
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into two new single-celled individuals of equal size. These two new 
individuals, produced by fission, together contain all the materials of the- 
single parent cell. Organisms which reproduce solely by this method, 
therefore, never die except as the result of shortage of food or water or 
other unfavorable external conditions. Natural death (death from old 
age), such as most plants and animals experience, does not take place 
among these forms. This is the method by which bacteria and many 
blue-green algae reproduce. 

Asexual Reproduction — hy Spores , — Asexual spores may be non- 
motile, or motile by means of whip-like filaments of protoplasm called 
cilia. 

{A) The motile asexual spores are called zoospores. There are other 
motile cells produced by plants, but zoospores are the only motile proto- 
plasts that are able to develop directly into new individuals. Zoospores 
do not have any cell walls but simply consist of a naked mass of proto- 
plasm. In some cases the entire protoplast of a vegetative cell escapes 
as a single zoospore; in others the protoplast of a vegetative cell 
divides into two or more protoplasts, each of which develops one or 
more cilia and becomes a zoospore. 

(21) Non-mo tile asexual spores often consist of a vegetative cell 
which has a thickened wall and may or may not be larger than the 
vegetative cell. Such spores are produced by Nostoc^ Cylindrospermurn, 
and other algae. In other cases, especially among the fungi, the 
non-motile asexual spores are special cells and are produced within an 
organ calknl a sporangium. 

Sexual Reproduction , — The protoplasts which fuse to form the zygote 
in the process of sexual reproduction are called gametes (Fig. 264, E). 
They are almost always naked protoplasts, having no cell wall. In the 
blue-green algae, in many other simple algae, and in the bacteria there is 
no sexual reproduction. In the most primitive cases of sexual reproduc- 
tion in plants, the gametes are all alike in size and structure. Such 
gametes arc called isogametes. They are generally motile, having 
cilia, as do the zoospores. The gametes are, however, usually unable to 
produce new individuals until they have fused in pairs. It is customary 
to speak of the fusion of isogametes as conjugation, and of the resulting 
zygote as a zygospore. The protoplast of the zygospore forms around 
itself a cell wall which soon becomes much thickened and protects the 
protoplast within. The zygospore generally remains in a resting con- 
dition for some time before it germinates. 

Most Thallophyta and other plants having sexual reproduction do 
not have isogametes but produce two kinds of gametes (heterogametes). 
These heterogametes may differ merely in size, the smaller ordinarily 
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being more active than the larger. Generally, however, the larger 
gametes are without cilia and therefore incapable of locomotion. The 
smaller, active gametes, which are called male gametes (sperms), are 
produced in much greater numbers than the larger female gametes 
(egg cells) (Figs. 272 and 276). The term gametangium is applied to 
the organ in which gametes are produced, regardless of whether they 
are male or female. A male gametangium is known as an antheridium 
and a female gametangium as a oogonium. In plants which produce 
heterogametes the zygote is formed by the fusion of a sperm with an 
egg cell, and not by fusion of two gametes of the same sort. The zygote 
resulting from the fusion of heterogametes is generally called an oospore. 
The actual fusion is called fertilization. In general, we shall use the 
term zygote for the protoplast formed by the union of gametes whether 
the fusing gametes be alike or unlike. 

The zygotes resulting from the union of unlike gametes generally 
become surrounded by a thick wall, as do those resulting from the 
union of like gametes, and in most cases they do not gc^rminate and 
develop into new plants until after a period of dormancy. Such 
zygotes, generally germinate in much the same manner as asexual 
spores. If they are resting spores, capable of remaining dormant 
for some time, their protoplasm generally contains much less water 
than does active protoplasm. When the conditions for germination are 
favorable, water is absorbed through the spore wall by the enclosed 
protoplast. The resulting swelling of the protoplast ruptures the spore 
walls, and a part of the protoplasm extrudes through the opening. 
The protoplasmic projection soon forms an enclosing cell wall which, 
with the contained protoplasm, is called the germ tube. This tube* 
continues to grow, and in most cases its contents divide to form a 
number of cells from which the new plant develops. 

The following is a summary of methods of reproduction in Thal- 
lophy ta : 

Asexual Reproduction (without union of protoplasts). 

(a) Fission — division of a single-celled individual into two new 
individuals of equal size (Fig. 257). 

(Jb) Asexual spore formation — motile asexual spores or zoospores 
(Figs. 264, G, and 270) and non-motile asexual spores (Fig. 
313). 

Sexual Reproduction (with union of protoplasts). 

{a) Conjugation — the fusion of similar gametes (isogametes) to 
form a zygote (sometimes called a zygospore). 
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(6) Fertilization — the fusion of dissimilar gametes (heterogametes, 
sperms and egg cells) to form a zygote (sometimes known as , 
an oospore). 

The Thallophyta consist of two groups, the Algae and the Fungi. 
The algae are the autophjrtic thallophytes, that is, they are able to 
build up their own foods out of inorganic materials, such as carbon 
dioxide, water, and simple mineral substances. The fungi are hetero- 
phytic thallophytes, that is, they must secure food directly or indirectly 
from other organisms. Among the algae there are a few species which 
have lost the ability to make their own food but which show in their 
structure such unmistakable evidence of close relationship to typical 
algae that we include them among the algae in spite of their hetero- 
phytic habit. 

ALGAE 

(AUTOPHYTIC THALLOPHYTA) 

Characteristics of the Algae. — With very few exceptions, the algae 
possess chlorophyll, although many of them, particularly the red algae 
and the brown algae, are not green in color because of other pigments 
which are associated with the chlorophyll and mask its green color. 

The great majority of algae are aquatic, though some grow on soil 
and a few others on the stems of trees or upon other objects exposed to 
the air. Algae make up the greater part of the vegetation of the ocean. 
The free-floating marine plants are generally unicellular forms and are 
spoken of collectively as the phytoplankton of the sea, plankton being a 
collective name for free-floating aquatic animals and plants. Many of 
those growing near the shore line or in shallow parts of the sea constitute 
the phytobenthon of the sea. (Benthon is a collective term for attached 
aquatic plants and animals.) These plants are mostly algae (“ kelps 
and other “ seaweeds ’^). Algae are also common in bodies of fresh 
water, both as plankton and benthon plants. There is a great range of 
size and complexity among the algae. The smallest are microscopic, 
unicellular plants and the largest are made up of millions of cells and may 
be several hundred feet in length. The plant body of these large forms 
is made up of various organs within which there is considerable differen- 
tiation of tissues. 

The names of the four classes of the algae are based upon the charac- 
teristic differences in color. However, the color differences are not the 
sole or the most important ones. The members of each class have 
certain characteristics in common, such as cell structure, reproductive 
processes, etc., which in general are much more dependable as indicators 
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of relationship than is color. There are in fact some Myxophyceae which 
are brown, some Chlorophyceae which are red, and some Phaeophyceae 
and Rhodophyceae which are green. 

THE MYXOPHYCEAE— BLUE-GREEN ALGAE 

Characteristics of the Myxophyceae. — The plants of this group, 
which is often spoken of as the blue-green algae, are made up of cells 
which aic without definite nuclei or chloroplasts. The pigments of 
the cells are generally restricted to the outer region of the protoplast, 
but this colored part is not sharply marked off from the colorless proto- 
plasm within, which is called the central body. The central body has 
been called an incipient nucleus,’’ and may represent a stage in the 
evolution of a true nucleus. It contains in all cases granules of chroma- 
tin or a similar substance which probably plays the same role as the 
chromatin of the nuclei of most plants. In addition to a mixture of 
chlorophylls a and b, carotin and xanthophyll, the plants of this group 
generally contain other pigments (accessory pigments) the commonest 
of which is a blue pigment called phycocyanin. It is soluble in water 
and can easily be separated from the green pigment, which is not water- 
soluble and can readily be extracted with alcohol. A red accessory 
pigment also is present in some forms, so that there are blue-green ” 
algae which are red. One such form, Trichodesviium crythraeum^ is a 
floating marine plant which gives a bright red color to the water when 
present in large quantities. The Red Sea owes its name to the occasional 
coloring of its waters by this organism. Almost all Myxophyceae 
secrete considerable quantities of a gelatinous substance which forms a 
sheath or matrix around the cells or cell groups. Sexual reproduction 
does not occur in the Myxophyceae. It has been definitely shown that 
certain species of this group of plants are able to fix atmospheric nitrogen, 
that is to say, to force the clement, nitrogen, into union with other 
elements and thus utilize it in their own metabolism. Certain bacteria 
also have this power of fixing nitrogen, but most plants are unable to 
make any use of the free (uncombined) nitrogen of the air. 

Distribution of the Myxophyceae. — These plants are abundant in 
fresh and in brackish water and many forms are found in the sea. They 
are important elements in the plankton and benthon. A number of 
forms are abundant in moist soil. They form the principal vegetation 
of hot springs, where they have been found living in water at a tem- 
perature as high as 87° C. A few plankton forms are exceedingly 
troublesome in reservoirs, giving a disagreeable flavor to the water. 

Certain of the Myxophyceae are associated with fungi in the forma- 
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tion of lichens, although most lichens are associations of green algae 
(Chlorophyceae) and fungi. This association of autophytic and hetero- 
phytic organisms in the hchens is believed 
to be of mutual benefit. Such a relation 
between two organisms involving benefit to 
both is called symbiosis. The food of lichens 
must clearly be supphed by the algal com- 
ponent, but the fungus is believed to assist 
the alga by reason of its abihty to absorb 
moisture from the air and retain it tena- 
ciously. Colonies of certain blue-green algae 
grow within the thallus of Anthoceros, one of 
the Bryophyta, and in the roots of a sper- 
rnatophyte, Cycas, It is doubtful whether 
the relation in these two cases is one of 
mutual benefit. 

In moist regions Myxophyceae are 
abundant on the trunks and branches of 
trees and on rocks, and their presence is 
an important factor in the coloration of the landscape. In waters 
which are contaminated by sewage or which contain large quantities 
of organic matter from other sources, the blue- 
green algae are often abundant. 

Habits and Life History of Representatives of 
the Myxophyceae. — The simplest members of 
this group consist of single cells which are gen- 
erally spherical or oval. Such a form is Sync- 
chocydis (Fig. 257). When a single Synechocystis 
individual has grown to a certain size, it divides 
into two cells of equal size and these soon be- 
come separated from each other. Thus one indi- 
vidual gives rise to two. The two new individuals 
grow in size until they in turn undergo division, 
and thus four new Synechocystis plants are formed. 
This is a form of asexual reproduction called 
fission which is the simplest form of reproduc- 
tion. Each of the new unicellular Synechocystis 
plants is able to carry on all the essential life 
processes. 

They generally live either immersed in water or 
in very moist habitats where they are wet most of the time. Through 
the surface of the cell the protoplast within absorbs water, inorganic 



Fio. 258. — Gloeocapsaj 
blue-green alga the 
cells of which occur 
generally in groups, 
the cells formed by 
the fission of a single 
cell being held to- 
gether by the gelat- 
inous coating of the 
cell from which they 
came. 



Fig. 257. — S'l^echocysiis. A 
blue-green alga the cells of 
which are solitary except 
during fission. Several 
stages of fission are shown 
as well as a single cell 
about ready for division. 
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salts, and the gases carbon dioxide and oxygen. By photosynthesis the 
protoplast forms carbohydrates which, as in the higher plants, are 
used in part for respiration and in part for 
the formation of substances from which new 
protoplasm can be built up. As we have 
seen, reproduction also is carried on by each 
of these solitary unicellular plants. 

In some forms, such as Gloeocapsa, which 
are otherwise not much different from Syne- 
chocystisj the cell wall is thick and gelatinous 
but of such consistency that after fission the 
daughter cells are held within the wall of 
the parent cell. Each of these cells produces 
in turn a gelatinous coating of its own. 
Even after the fission of these daughter cells 
the jelly-like layer derived from the single 
cell from which they have arisen may remain 
intact. Thus we find in a mass of Gloeocapsa 
(Fig. 258), groups of two, four, eight, or 
even more cells, together with single cells 
which have been released by the disorganization of the mucilaginous 
matrix. Th(‘ cells of a group are entirely independent of the other 
cells of the same group 
and are able to carry on 
all the necessary life proc- 
esses if freed from any 
connection with the other 
cells. Merimiopedia (Fig. 

259) is another blue-grec'ii 
alga the cells of which 
are held together by a 
gelatinous matrix. In 
this form, cell divisions 
take place alternately in 
two planes w^hich are at 
right angles to each other. 

There results a plate or 
sheet of cells, one cell 
thick, and these groups, in 
which the cells are very reg- 
ularly arranged, may attain considerable size. 

In Nostoc and Oscillaioria the divisions are all in parallel planes, so 



Fig. 260. — A, Nostoc, fihinienl with hctcTocysts; 
Hj ('ylindrospermum filament showing terminal 
heterocyst and thick-walled resting spore; C 
and D, germinating resting spores. 
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Fig. 259. — Merismopediay 
a blue-green alga the 
colls of which are held 
together by a gelatinous 
matrix. The (udls divide 
in two planes only and 
as a result the groups of 
colls have th(‘ form of 
flat plates. "J'hcse may 
grow to considerable 
size and consist of scores 
of cells. 
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that from one cell by a succession of divisions a chain or filament of cells 
arises. In Nostoc many hundreds of these filaments are united within 
a mass of jelly produced by the cells. In some species of Nostoc these 
gelatinous colonies may reach a diameter of 10 or 12 cm. Here and 
there in Nostoc filaments there are enlarged and 
colorless spherical or barrel-shaped cells called 
heterocysts (Fig. 260). The filaments seem to break 
apart easily where there is heterocyst, and the re- 
sulting short filaments, which are called hormogonia 
(singular, honnogonium), may grow into long fila- 
ments by fission of their cells. In Nostoc and some 
other gemera the lu'terocysts appear to facilitate the 
formation of hormogonia, but there are several gen- 
era in wliich th(' heterocysts are terminal (borne at 
th(' ('nds of th(‘ filamcmts), and there arc a number of 
g(uiera which have no heterocysts and yet form hor- 
mogonia freely. The hormogonia of some species 
are cai)abl(‘ of locomotion and can creep out of the 
gelatinous matrix and give* rise to new colonies. Be- 
sidc's th(' ordinary oval or spherical vegetative cells, 
and the heterocysts, a third kind of cell is sometimes 
found in Nostoc filaments (Fig. 260). TTiese an^ the 
roasting ccdls, or si)or(\s, which are formed from ordi- 
nary C('lls by increase^ in size, accumulation of reserve 
food, and thickening of the wall. These spores are 
probably much more rc'sistant to water shortage 
and unfavorable tc'inperatures than are the ordinary 
cells. Wlaai conditions favorable to the growth of 
Nostoc return, the thick-walled resting cells, or 
as(‘xual spores, germinate and a new filament is 
formed. 

Another filamentous blue-green alga, which is ex- 
C('ediiigly common is OsciUaton’a (Fig. 261). The 
c(‘lls, with the exception of those at the ends of the 
filament, have tlu' form of short cylinders, which may 
even b(^ much shorten than they are wide. The ter- 
minal ccdls are generally rounded at the free end, be- 
cause the turgor of these cells is not balanced by the 
turgor of an adjacent cell as it is in the case of cells 
witliin the filariKiiit. The most striking characteristic of Oscillatoria is the 
fact that the filaments are capable of a swaying or oscillating movement, 
to which the plant owes its name, and of a twisting or rotating motion. In 



Fig. 2G1. — A portion 
of a filament of 
Oscillatoria^ one of 
the commonest 
blue-green algae. 
The divisions of 
the cells take place 
in parallel planes 
so that the cell 
groups are fila- 
mentous and un- 
branched. As the 
result of the death 
of a cell here and 
there, the filament 
breaks up into 
short pieces called 
hormogonia. 
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addition, the filaments can move from place to place, so that if a mass 
of Oscillatorta is placed upon a wet surface the threads soon spread out 
into a uniform film. Neither spores nor heterocysts are formed in 
Oscillatoria. Hormogonia arc formed by the death of a cell or of a 
group of cells here and there in the filament. 

Although in Nodoc and Oscillatoria^ the cells are arranged in groups 
or colonics of definite and characteristic form, and although there may 
be some differentiation of cells (ordinary vegetative cells, spores, het- 
erocysts), the ordinary cells, if separated from each other without 
mechanical injury, could doubtless live just as well as isolated cells as 
they do in the groups. These plants are probably to be considered 
rather as colonies of unicellular plants than as multicellular individuals. 


THE CHLOROPHYCEAE -GREEN ALGAE 

Characteristics of the Chlorophyceae. — All the plants included in 
this group have chloroplasts and definite nuclei. These two char- 
acteristics distinguish the Chlorophyceae from the blue-green algae 
but not from the red or brown algae. 

Most of the green algae have only those pigmcuits which are typically 
prevsent in green cells — chlorophyll a and chlorophyll b, carotin, and 
xanthophyll (see pages 55 and 209). In most of them starch is the first 
visible product of photosynthesis, although some produce no starch 
and have oil as their principal r(\serve food. 

Distribution of Chlorophyceae. — Members of this group are found 
in every conceivable moist place where the temperature is not very 
high and wIktc light can penetrate. The larger number an^ fresh- water 
plankton or benthon i)lants, but many are marine. There are a number 
of green algae which are commonly found in soil, but they can live, of 
course, only very near th(‘ surface. A few greem algae, such as th(^ com- 
mon Protococcus and Trentepohliay are epiphytes on the bark of tn^es 
or attached to fence posts or other objects. 

A green alga resembling Protococcus is the autophytic component 
of most lichens, growing in symbiosis with a fungus. Therci are a f(‘w 
simple green algae which are regidarly found in the bodies of c(^rtain 
primitive animals such as the sponges. Some actually live within the 
cells of animals, as does the alga Chlorclla in the cells which line the body 
cavity of the hydra {Hydra viridis). 

Habits and Life Histories of Representatives of the Chlorophyceae. — 
We shall not attempt to discuss the various groups which are included 
in the Chlorophyceae but shall instead give a brief account of the 
structure and reproduction of the few forms listed below: 
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1. Forms which, as far as is known, are without sexual reproduction 
or zoospore formation — Protococcus and Scenedesmus, 

2. Forms which produce isogametes and zoospores — Ulothrix. 

3. Forms which produce isogametes but no zoospores — Spirogyra 
and the Desmids. 

4. Forms which produce heterogametes and zoospores — Oedogonium 
and Vaucheria. 

Protococcus. — Protococcus viridis is probably the commonest green 
alga in the world. It is found everywhere in the temperate parts of 
both hemispheres except where the climate is very dry. It forms a 
green coating on rocks, fence posts, and the trunks and branches of 
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I'm. 2G2. Fig. 2G3. 


Fig. 2G2. — Prolococciis, a simi)l(* green alga, in which the cells remain united for 
some time alter tission, lormmg groups of varying size and cell nuniher. 

Fig. 2G3. — Scenedesmus, a simjile green alga without zoospores or ganu'tc s, the ci'lls 
of which form colonies of four (less commonly eight) cells attached side by side. 
A and C, two common species. B, the first of these giving rise to four new 
colonies. 

trees. This coating is generally restricted to the most shaded and 
therefore the most moist side of trunks, branches, and fence posts, which 
in the north temperate zone is frequently the north side. In many 
locations the direction of the prevailing winds is such that the north 
side is not the most moist and the growth of Protococcus is not prin- 
cipally on the north side. 

The cells of this plant have walls which are quite thick. The 
protoplast has a definite nucleus with nuclear membrane and a single 
large distinct chloroplast. This is a lobed structure which partly lines 
the inside of the cell wall. The large lobes are easily mistaken for 
separate chloroplasts. 

Among Protococcus individuals examined under the microscope there 
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will be found solitary cells which are generally spherical in form, groups 
of two cells, or four cells, and, rarely, of more than four. Where the 
cells of a group are in contact with one another they are flattened. 
The groups of two and of four cells arise by successive divisions of one 
of the solitary spherical cells. The divisions may take place in three 
planes. 

The different cells of the groups eventually become separated from 
one another, round off, and then undergo division again and form other 
groups. Reproduction in Protococciis is then by fission, and each cell 
is to be considered as an individual plant, though the separation of the 
cells of a group is often long delayed. 

The cells of Protococcus arc remarkably resistant to drought, and 
are able to absorb water from moist air. When the air is dry the life 
processes go on at a very low rate, but when the cells are wet by rain 
or heavy dew or are exposed to moist air, they are able to resume photo- 
synthesis and other vital processes. 

Ulothrix. — The genus Ulothrix is an (example of a form having sexual 
reproduction by isogametes and also asexual reproduction by means 
of zoospores. It is an unbranched filamentous alga. Some spc^cies 
of the genus grow in fresh water and others in the sea. It is of particular 
interest because it illustrates how^ sc^xual reproduction may have orig- 
inated. The filaments of Ulothrix are made up of short cells, each 
with a single nucleus and with the single chloroplast in the form of a 
band around the middle of the cell. 

In Ulothrix the basal cell of the filament is colork^ss, elongated and 
narrowed at the base and forms a holdfast (Tig. 2G4, A). Here is a 
simple case of specialization of one cell of a cell group f(jr a function 
not performed by other cells of the group, iu this we hav(* wliat stnans 
to be the beginning of the development of the multic(dlular type of plant. 

Under certain conditions, not yet well undc^rstood, some' or all of 
the cells of the Ulothrix filament except the holdfast cell may giv(^ rise to 
zoospores. The whole protoplast of a cell of a filament may form a single 
zoospore or it may divide into two, four, or eight protoplasts, or 
sometimes as many as sixteen or thirty-two protoplasts, each of which 
becomes a zoospon^. In any case there is a contraction and rounding up 
of the protoplasts and development of four cilia l)y (^ach zoospore 
(Fig. 264, C). Soon after their formation th(' zoosponvs generally 
escape from the filament by an opening wliich is formed in the lat('ral 
wall, and start to swim about in the watc^r. They may continue in 
active motion for from one to seyeral days and may travel a considerable 
distance* during that time. Finally they ce^asc^ their moveaiient and 
attach themselves at the ciliated end to some other alga, to a stone, or 
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to some other object in the water. Following this the cilia are lost and 
a cell wall is formed, and then by elongation and division the zoospore^ 
develops into a new filament (Fig. 264). 



Fig. 201 — Ulothnx zonata. A, a portion of a filament showing the holdfast cell at 
the base, and the ordinary vegetative cells. R, a portion of a filament which 
has formed gametes in three cells (above) and zoospores in four cells (below). 
The gametes are generally smaller than the zoospores and always bear two 
cilia each, the zoo8i)ores each have four cilia. C, a zoospore which has just 
escaped. Z), a germinating zoospore. E, F and G, stages in the fusion of 
gametes. //, a zygote in the resting condition. /, germinating zvgote showing 
the division of its piotoplast into a number of zoospores. {A-D after Dodeli 
E-ll after Oltmanns.) 
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ribbon-like chloroplast. Certain species have but one chloroplast in a 
cell while others have several chloroplasts and some may have as many 
as fourteen. The chloroplast commonly has a lobed or toothed margin. 
Here and there along the middle of the chloroplasts arc conspicuous 
pyrenoids (nodule-like protein bodies around which starch is deposited) 
which are connected by a ridge on the inner side of the chlorophyll band. 

The Spirogyra cell is cylindrical in form and is lined by a thin layei 
of cytoplasm in which the chloroplast or chloroplasts are embedded. 
The nucleus with the cytoplasm which surrounds it is suspended in the 
center of the single large vacuole, either by fine strands, or by a narrow 
band, of cytoplasm. 

The Spirogyra filament grows by the elongation and division of all 
the cells in the filament. Division generally takes place at night. The 
nucleus divides by mitosis, and then the two-nucleate protoplast is cut 
in two by a ring of cellulose which grows inward from the outer wall 
and which finally bc^comes a disc separating the two new cells. 

Reproduction. — No zoospores or othcT non-sexual spores are produced 
by Spirogyra. However, in some species of Spirogyra the ctdls of the 
filaments may become separated from one another by softening of the 
middle lamella of the end walls and each may then grow into a new 
filament. 

In Spirogyra the gametes are the protoplasts of ordiniirj^ vegetative 
cells, and are not ciliated. In most cases conjugation takes plac(i 
between the cells of two different filaments. This is called scalariform 
(ladder-like) conjugation (Tig. 265). Conjugation may also take place 
between adjoining cells of th(j fsarne filaiiumt. This is known as lateral 
conjugation (Fig. 266;. In scalariform conjugation, sliorl papillae 
are produced on the adjacent sides of the cells of filament, s wherci they 
are in contact with each other. These papillae or short outgrowths 
from cells which lie opposite one another in the two filaments become 
attached at their ends and elongate, pushing the filaments apart. 
Finally the end walls of the outgrowths of the conjugating cells are 
dissolved away and the cell cavities then communicate with each othcT 
through the open tube (conjugation tube) which connects them. Mean- 
while, the protoplasts which are to fuse contract somewhat. Then the 
protoplasts (gametes) from one filament, pass ov(^r int,o the ccJls of the 
other filament and fusion of gametes takes place. Though the gametes 
are morphologically alike and therefore are considered to b(^ isogametes, 
the fact that the gametes in one filament remain passive and those in 
the other are capable of movement indicates a slight physiological 
differentiation of gametes. In certain species of th(^ genus Zygnema^ 
which is closely related to Spirogyra, both gametes i)ass into the con- 
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jugating tube and join there. In this case, the gametes show no trace 
of sexual differentiation. 

In lateral conjugation of Spirogyra, a passage is formed between 
adjoining cells of a filament, either by a conjugating tube developed 
near the adjoining ends of the conjugating cells or by an opening through 
the end wall separating these cells. Through this passage alternate 
protoplasts move into their neighboring cells. If all the cells of a fila- 
ment have conjugated by the lateral method, alternate cells of the 
filament are empty after con- 
jugation and alternate cells 
contain zygotes. However, 
when all the cells of two fila- 
ments conjugate by the scalari- 
form jnethody one filament be- 
comes empty and every cell 
of the other filament contains 
a zygote except in cases in 
which, because of difference in 
length of the cells of the two 
conjugating filaments or for 
other reasons, an occasional 
gamete fails to conjugate. 

A gamete which fails to unite 
with another gamete generally 
develops into a thick-walled 
spore, just as do the zygotes, 
and may upon germination 
give rise to a new filament. 

The thick wall of the zygote 
consists of three cellulose 
layers, of which the middle 
v)ne contains some chi tin. 

'Hie zygote when first formed 26 G.-Smr,wra, showing three stages 

in lateral conjugation. 

contains abundant starch 

which is soon converted into oil. This serves as the food rc^serve of the 
sj^ore. The zygote does not generally germinate very soon after it 
matures. It is probably resistant to conditions of drought and low 
temperature whicli would kill the vegetative cells. It generally falls 
to the bottom of the pond or stream where it is formed, and after a 
period of rest (generally until the following spring) it germinates. 
Germination is probably dependent upon conditions favorable for the 
vegetative activities of Spirogyra, that is, abundance of water, mode- 
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rate temperature, and sufficient illumination. When the zygote germi- 
nates (Fig. 267) it absorbs water, and the protoplast within increases 
in size and bursts the outer and middle walls of ilie 
spore; the inner cellulose wall becomes extended (as 
the protoplast pushes out) to form a tube which 
elongates into a new filameni,. 

The nuclear changes involved in the fusion of 
gametes, the germination of the zygote, and the 
early stages of growth into a new filament are inter- 
esting and significant. The nucleus of the zygote 
contains chromatin derived from the gametes and 
has 2n chromosomes. It soon undergoes division 
and the resulting nuclei again divide, so that 
the zygote has four nuclei. One of these two 
nuclear divisions is a reduction division, in which 
the chromosome number is reduced to the nor- 
mal number for ordinary cells of the species (Fig. 
268). Three of these nuclei disintegrate, so that 
the mature zygote has but a single nucleus, with 
7^ ’’ chromosomes. 

The significant points in the reproduction of 

Fig. 267 .— Germi- Sviroqyra are as follows: 
nation of .‘I zyKote . i i i iu 

of Sjnrog?jra. 1. -No zoospores are produced and no oth(T 

non-sexual spores are formed except that a gamete 

which is prevented from fusing with another gameU‘ may function 

as a spore. 



Gamete Nueld Fusion Nucleus First (Reduction) Division Two Resulting; Nuclei 



Second Division Disintegration of Three Nuclei Single Functioning Nucleus 



Fig. 268. — Diagrams showing nuch^ar changes in th(' zygote of Spirogi/ra from con 

j ligation to germination. 


2. The gametes are the protoplasts of ordinary vegetative cells. 

3. Characteristic conjugating tubes connect pairing cells. 
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4. The gametes are morphologically alike (isogametes) but show a 
beginning of differentiation since half of them are capable of movement,, 
the other half being non-motile. 

5. The chromosome number (2n in the fusion nucleus of the zygote) 
is reduced to n by one of two divisions of the fusion nucleus which take 
place in the zygote before germination. Three of the four n nuclei 
thus formed in the zygote disintegrate. 

6. Zygotes give rise to new filaments directly. 

Desmids. — Belonging to the same order as Spirogyra is a group of 
beautiful unicellular plants, called desmids. For the most part these 
grow solitary, but sometimes they remain attached after division, and 
thus form filamentous coloni(‘s. Some species are common in the 
fresh-water plankton. One of the most familiar is the crescent-shaped 
Closieriumy which is frequently found among filamentous green algae. 
The most striking feature of this genus is the presence of a small spherical 
vacuole at each of the extremities of the cells. Within each of these 
vacuoles is a group of minute crystals of calcium sulphate or gypsum 
which are in constant vibration. The movement of these crystals is 
not a vital phenomenon but is the so-called Brownian movement-, 
which can be observed wh('n any very finely divided insoluble suh- 
stance suspended in water is examined under the microscope. It 
results from the vibration of the molecules of the surrounding liquid. 
These molecules are constantly moving and when they strike against 
one another they rebound. Some of them strike against the suspended 
particles and tend to displace them, but sincci the molecular bom- 
bardment is from all sides, suspendtid particles are not caused to move 
except when they are of very small size. Then, as in the case of these 
gypsum crystals, a larger number of impacts on one side than on the 
other will cause a small particle to be displaced, only to be pushed in 
another direction in the next instant. These vibrating crystals are, 
however, not found in most desmids. 

With the exception of a few species the cells of desmids consist of 
two similar halves, semi-cells, in each of which there is a single chloro- 
plast consisting of radiating plates. Most desmids have a constriction, 
called the isthmus, between the two semi-cells. Many species are 
capable of locomotion. Multiplication results from the division of the 
d('!smid into two cells, each consisting of one of the previous semi-ccills. 
Then each of these halves develops another seiqi-cell and thus two 
complete desmids ar(^ formed. 

Desmids may also reproduce sexually. Generally the desmids 
conu^ togetluT in pairs, the cells break at the isthmus, the pro- 
toplasts of each pair of desmids fuse and then a thick wall is formed 
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about the resulting zygote, which, after a resting period, germinates 
generally to form two new desmids. This is clearly not a method of 
multiplication, for from two desmids one zygote is produced and this 
in turn gives rise to only two desmids. The formation of a resistant 
zygote may be of advantage in tiding the plant over a period unfavorable 



Fia. 269. — Desmids. A, Closlerium, showing the cell contents. and D, two other 
forms showing th(' two semi-cells and the constriction (the isthmus) between 
the semi-cells, two features which are characteristic of most, desmids. C, 
desrmds united in a filament or chain. 


to the existence of the v(^getative cells. It is also not unlikely that the 
mingling of protoplasm from two plants may result in inen^ased vigor. 
In the case of those f(^w dc^smids whose nuclear changes during zygote 
formation and germination have been studied, the nuclear behavior is 
similar to that described for Spirogyra. 
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Oedogonium. — Oedogonium is a common unbranched, filamentous 
green alga which reproduces by means of zoospores and also by unlike 
gametes. It is a plant with more differentiation among its cells than 
any form thus far discussed. The young plants grow attached to other 
immersed water plants or to other objects in the water. They may 
become detached and free-floating when older. The basal cell of an 
attached filament forms an organ of attachment, or holdfast. Gametes 
are not produced in ordinary vegetative cells, as in Ulothrix and 
Spirogyray but in special cells called gametangia, much different in 
form from the vegetative cells although developed from them. On 




Fkj. 270. — Formation and escape of a zoospore in a species of Oedogomum. (Re- 
drawn from Him.) 

account of this physiological division of labor, Oedogonium may well be 
considered a truly multicellular plant. 

The vegetative cells of Oedogonium contain a single nucleus and a 
chloroplast. The chloroplast differs somewhat in form in different 
species but it is generally reticulate (in the form of a net). The zoo- 
spores produced by Oedogonium are green in color and consist of the 
entire protoplast of a vegetative cell. They are provided with a ring 
or collar of cilia around the colorless forward end. Generally only a 
few cells of a filament produce these motile spores. Following its 
escape from the cell in which it is formed (Fig. 270) the zoospore swims 
about for some time and finally comes to rest in contact with some 
solid object, attaches itself by the ciliated end, loses its cilia, and forms 
a cellulose wall. It then elongates somewhat and by repeated cell 
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division and growth of the resulting cells develops into a new filament. 
The basal cell remains colorless and develops at the lower end a disc- 
like or branched holdfast. 

Sexual Reproduction . — The male gametes, or sperms, of Oedogonium 
are much smaller than the female gametes, or eggs. The latter are 
without cilia and remain within the female gametangium (oogonium) 
until after fertilization. The sperms are like miniature zoospores in 
form and are produced in much larger numbers than are the egg cells. 
In some (homothallic) species of Oedogonium the male gametangia (also 
called antheridia) are produced in the same filament as the female 
gametangia, and in other (heterothallic) species the two kinds of game- 
tangia are borne on different filaments. In either case the female 

gametangia are spherical or oval 
cells. After the development of 
the female gamete or egg, a pore 
or a slit is formed, by the dissolu- 
tion of a small area of the oogo 
nium wall, through which the 
sperm may enter. The female 
gametangia develop from cells 
which are at first similar in their 
appearance to the ordinary vege- 
tative cells. When the female 
gametangium has been formc^d, 
the protoplast within shrinks 
away from the wall and a portion 
of the egg cell near the pore be- 
comes clear and free from chloro- 
phyll. This is the receptive 
spot where fusion with the sperm takes place. The sperms are hberated 
from the male gametangia, where they are produced singly or in pairs. 

Fertilization . — Some time after the entrance of the sperm into the 
egg cell, a thick wall is formed about the zygote. The contents lose 
their clilorophyll, and the starch in the zygote is converted into oil. 
Decay of the oogonium wall releases the zygote, which is resistant to 
conditions unfavorable to the vegetative cells. It should be borne in 
mind that the zygote nucleus contains the chromatin from the nuclei 
of both the sperm and egg and that when it undergoes mitosis, twice as 
many chromosomes will appear as are characteristic of the nuclei of the 
vegetative cells. 

Germination of the Zygote . — After a period of rest the zygote will 
germinate if conditions of moisture, temperature, etc., are favorable 




Fig. 271. Germination of a zoospore of 
Oedogonium cliagrammatieally repre- 
sented. 
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(Fig. 271). The zygote absorbs water, its wall softens, and the proto- 
plast within increases in size. Then the nucleus divides twice in suc- 
cession and four protoplasts are formed. Each of these produces a 
ring of cilia and becomes a zoospore. Thus from each zygote four new 
individuals may arise. One of the two divisions of the 2n nucleus of 
the zygote which result in the formation of the four zoospores is a reduc- 
tion division, and the resulting nuclei have half the number of chromo- 
somes which appear at the beginning of the first division of the zygote 
nucleus. 



Pig, 272. — Oedogonium. A, portion of a male filament .showing several antheridia. 
lif an immature oogonium. C, part of a female filament showing a ripe oogo- 
nium, the (‘gg c(dl of which is about to be fertilized. For the ripe oospore and the 
structure of a vegetative ci'll, see Fig. 274, A. C somewhat diagrammatic. 

Production of Dwarf Males . — In certain species of Oedogonium the 
individuals that produce the male gaiiietangia consist of very short and 
narrow filaintmts, generally of only two to four cells. Thesis are calkid 
dwarf males. They are attached to the female plants and thus grow 
epiphytically. They arise from special zoospores which are smaller 
than those which give rise to the female filaments, and are formed in 
special sporangia, called androsporangia (Fig. 274, C), which are similar 
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Fig. 273. 



Fig. 274. 


Fig. 273. — Germination of zypjote of Oedogoiiium. .4, the protoplast of the zygote 
which has divided into four protoplasts. the four zoospores formed from the 
four protoplasts. The zygote has a nucleus with “27i” chromosomes, the zoo- 
spores having nuclei with “n” chromosomes. 

Fig. 274. — A species of Oedogonium which produces dwarf males. A, portion of an 
oogonial filament showing the structure of a vegetative cell, an oogonium 
containing a ripe zygote and three dwarf males which have discharged their 
sperms, /i, a single dwarf male showing the holdfast cell at the base and the 
antheridia. C, a portion of a filament with androsporangia within which are 
developing androspores (zoospores which germinate and give rise to dwarf males). 


dinary vegetative cells there are special cells which serve as organs of 
attachment, in some species special cells to which the function of produc- 
ing new cells is restricted and cells which develop into the garnetangia. 
3. The zoospores and sperms arc multiciliatc and arc very similar 
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except that the sperms are much smaller than the zoospores. This 
resemblance is in accord with the hypothesis that gametes originated-^ 
from zoospores. 

4. As usual, the zoospores germinate at once and serve as a means 
of multiplication and distribution, while the zygotes, like those of 
Vlothrix and Sjrirogyra, are resting cells which can resist conditions 
unfavorable to the vegetative cells and which can remain inactive for 
long periods. They are to be considered a means of tiding the plant 
over periods unfavorable to growth and food-making, rather than as a 
means of multiplication and dispersal. 

5. The zygote at germination produces four zoospores, each of 
which may develop into a new Oedogonium plant. One of the two 
nuclear divisions which result in the formation of the nuclei of these four 
zoospores is a reduction division so that the 2n chromosome number of 
the zygote nucleus is reduced to half that number in the nuclei of the 
zoospores and tlu^ cells of the filaments wliich develop from them. 

Vaucheria. — Another very common alga, which hke Oedogonium 
produces heterogametes and reproduces asexually by zoospores, is the 
so-called water felt,^^ Vauclu^ria, In the structure of the plant body 
and of the gametangia and zoospores it is very different from Oedo- 
gonium, 

Most of the species of Vaucheria grow in fresh water or on moist 
soil, although there are a few marine species. It generally grows 
attached, often forming dense mats of branched filaments. The plant 
body consists of a branched tube having no cross walls (except those 
which cut off the parts (zoosporarigia and gametangia) within which 
the zoospores and gametes are produced. 

The tubular filanumt is lined with a continuous layer of (cytoplasm 
in which there are embedded many ellipsoidal chloroplasts and numerous 
minute nuclei. A larger central vacuole occupies the center of the fila- 
ment. Plants like Vauckeriaj whose protoplasm is continuous and 
multinuclcate and without any division by walls into separate proto- 
plasts, are called coenoc 3 rtes. Starch is lacking in Vaucheria^ but small 
drops of oil are abundant in the cytoplasm. The filaments of Vaucheria 
are relatively weak and easily crushed on account of the absence of 
cross walls. 

Zoospore Formation. — The zoospores of Vaucheria, which are multi- 
nucleate, are produced singly at the tips of the filaiuents, in zoosporan- 
gia (Fig. 275) which are cut off by transverse walls from the rest of the 
filament. The protoplasm of the zoosporangiuin contracts from the 
wall and produces a great number of cilia which arise in pairs. There 
is a nucleus near the base of each pair of cilia and not far below the sur- 
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face of the zoospore. The center of the zoospore is occupied by a single 
large vacuole. Vaucheria is unusual in that it produces a coenocytic 
zoospore. The zoospores of all other genera closely related to it are 
relatively small, biciliate protoplasts with a single nucleus and are pro- 

duced in large numbers in a 
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Fig. 275. — ^Asexual reproduction of VaiLcherin 
sessile. A, zoosporaugium the contents of 
which will develop into a zoospore. By 
zoosporangium from which the zoospore has 
escaped. C, a zoospore. Dy a portion of 
the peripheral zone of a zoospore. Ey young 
plant develojang from germinating zoospore. 
(Redrawn, A, By after Gotz; C, after 
Strasburger; D, after Sachs; Ey after Olt- 
manns.) 


single sporangium. It seems 
likely that the zoospore of 
Vaucheria is to be considered 
as the undivided contents of 
a single sporangium. 

This compound zoospore 
is large enough to be visible 
to the naked eye. It escapes 
by the rupture of the wall at 
the end of the sporangium, 
and after swimming about 
for a relatively short time it 
comc's to rest, withdraws its 
cilia, forms a cell wall and 
germinates by sending out 
one or more tubes which 
develop into typical Vaucheria 
filaments. A much-branched, 
colorless organ of attachment 
may be developed by the fila- 
ment where it comes in contact 
with some solid object.. 

Sexual Ueproducliori . — All 
the fresh-water species of 
Vaucheria are homothallic, 
that is, male and female 
gametangia (antheridia and 
oogonia) are produced on the 
same filament. The game- 
tangia are produced from short 
side branches of a vegetative 
filament. The male gamev 


tangium is an elongated curved 
structure. Its multinucleate protoplasm is cut off by a transverse 
wall from the protoplasm of the vegetative part of the plant. The 
protoplasm of the male gametangia divides into a number of uninucleate 
protoplasts, each of which develops into a pear-shaped sperm with two 
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L.-Oogonium 




Oogonium 




cilia on the side (laterally), not at the end. The sperms escape by 
the dissolution of the end wall of the gametangium. 

The protoplasm of the oval oogonial branch is at first multinucleate, 
but before the female gametangium is cut off from the rest of the plant, 
all the nuclei except ^ 

one return to the fila- 
ment. After the for- 
mation of the wall 

which separates it Antheridium'''j^;J^^^ -Oogonium 

from the main fila- 
ment, the contents of 
the female gamctan- 

gium contract. A ^ 

'‘beak’^ is formed at 
the end of the oogo- 
mum, and through 
this an opening is 
formed by which the 
sperm may enter to 
fertilize th(^ egg cell. 

After fertilization . 

the zygote forms a ] / / .* ( r'^K 

thick wall and under- /j n \ j \ /Hyi® ^ ' 

goes a resting period \ h pl'f 

of several months. A [\/( '1/^ 

large amount of oil is y \ 

present in the resting / i/,' ' ’ 

zygote. Upon ger- 
miriation it produces Oogonium'' 

a new filament di- 

rectly. Reduction di- c 

vision has not yet been Fig. 270. — Sexual reproduction in Vaucheria sessilis. A, 
observed gametangia before fertilization. The antheridiura not. 

u r • mature, the oogonium mature and ready for 

The following fertilization. Note the cytoplasm of the egg pro- 

n^int^ in the renrndne- truding through the pore.* B, just after the escape 

. \ Tr T ■ sperms and the fertilization of the egg. T, some 

tion of Vaucheria are time after fertilization, showing the thick-walled 

of special importance: ='.vgotc within the oogoniiim and the disorganized 

^ ^ antheridium. To the left of C-, several sperms. (Re- 

1. The zoospores drawn after Sachs.) 




Oogonium' 


Disorganized 

Antheridium 


observed. 

The following 
point s in the reproduc- 
tion of Vaucheria are 
of special importance: 

1. The zoospores 


are produced in spo- 
rangia at the tips of the filaments. 

2. The zoospores are coenocytic and multiciliate. 

3. The zoospores develop directly into typical Vaucheria filaments. 
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4. Male and female gametangia are produced on short side branches 
of vegetative filaments and are separated from the rest of the plant by 
cross walls. 

5. A single uninucleate egg is produced in each female gametangium, 
and numerous uninuck^atc, biciliate sperms in each male gametangium. 



Fig. 277. — ^Diatoms (all highly magnified) showing vari- 
ous forms and markings. (From Wolle’s Diatomaceae 
of North America.) 


6. The zygote be- 
comes surrounded with 
a thick wall and, after 
a resting period, ger- 
minates and produces 
a new filament di- 
rectly, without zoo- 
spor^ormation. 

VOther Green Algae. 
— Systematic botan- 
ists have divided the 
Chlorophyceae into a 
number of smaller 
groups, each of which 
seems to have evolved 
independently from 
some ancestors which 
were probably unicel- 
lular motile plants. 
Wit hin several of these 
smaller groups it is 
possible to find series 
of genera which indi- 
cate the development 
from very simple 
forms without sexual 
reproduction, through 
forms of more com- 
plexity and with isog- 
amous sexual repro- 
duction, to forms in 
which the gametes are 
differentiated into 


sperms and eggs. It appears that there has been, at least in several 
of the groups, a parallel development from v(^ry simple to more com- 
plex plant bodies, and that sexual reproduction and the development 
of heterogamy have developed independently in several such groups. 
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There are many beautiful and interesting groups of green algae 
which it has not been possible even to mention here. One group of 
unicellular plants which is probably related to the green algae deserves 
inclusion in our discussion. These plants are the diatoms (Fig. 277). 
Their most striking characteristics are the large quantity of silica with 
which the cell wall is impregnated, and the fact that walls consist of two 
halves, called valves (Fig. 278), which fit together like the two parts of 
a pill box. These minute plants some- 
times form colonies, but most speck's are 
truly unicellular and are found either 
attached to larger water plants or other 
objects, or floating free in the water. They 
are components of the plankton of the 
sea and of lakes and ponds. Some two 
thousand species of diatoms have been 
described. 

The protoplast enclosed within the 
valves of the cell wall contains a single 
nucleus and generally two chloroplasts. 

In addition to chlorophyll, an accessory 
pigment, brown in color, is present in most 
cases. When floating marine or fresh- 
water diatoms die, and the cellulose of the 
wall is decomposed, the form of the valves 
and the delicate sculpturing characteristic 
of the valves of many species remain 
intact because of the large quantity of 
silica present. These dead diatoms sink ^ 

to the bottom and accumulate in great Fia. 278— Diagrnins showing 
(luantities. In some regions which were stiucturo of a (Jiatom 

once below the level of the sea, great 
deposits of these remains (called diato- 
maceous earth) have been found. Exposed 
de^posits of a depth of over 200 meters 

exist in California, and certain subterranean deposits are known to 
have a thickness of nearly 1000 meters (Fig. 279). In a cubic centi- 
meter of this material tliere may be ov('r two and a half million diatom 
shells. Diatoinaceous earth is extensively used in industry wlu'rc' it is 
employed for filtering liquids and for insulation to prevc'iit loss of heat 
from boilers and furnaces. 

Though most diatoms are autophytic (abk^ to inaiiiifacture their 
own food by photosynthesis) there are a few species, living in water 


(Nat'icula) as .srt'ii in two 
views. The tA\o longitudi- 
nally plaeed rihhon-like ehlo- 
roplasts are not shown. (Re- 
drawn from Ehrenburg.) 
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containing much organic matter, which are colorless and live as sapro- 
phytes by absorbing their food from the water instead of making it. 
Many diatoms are capable of rather active locomotion. They multiply 
by the division of the protoplast into two, each of the protoplasts 
receiving one of the original valves and forming one new valve. As a 
result, one of the new diatoms is smaller than the parent cell. Some- 
times the protoplasts of two small diatoms escape from the valves and 



Fig. 279. — Quarry of diatomaceous earth in the Lompoc Valley, California. (Photo- 
graph furnished by Johns-Manville Company.) 


fuse to form a zygote, called an auxospore, from which a full-sized 
diatom develops. Auxospores are also produced asexually in some 
diatoms. 


THE PHAEOPHYCEAE— BROWN ALGAE 

The third group of the algae, Phaeophycc^ae, or brown algae, includes 
the largest and the most highly differentiati^d of the thallophytes as well 
as many forms of small size and very simple structure. The range of 
size is from species which are microscopic to such genera as Macrocystis 
which probably may become as much as 100 meters in length, although 
that figure has never been definitely authenticated. 
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Characteristics of the Phaeophyceae. — No unicellular organisms 
are found in this group. All the Phaeophyceae have cells with definite 
nuclei and distinct plastids. These latter contain, in addition to chloro- 
phyll a, chlorophyll b, carotin, and xanthophyll, a brown accessory 
pigment called fucoxanthin, which usually entirely hides the green color 
of the chlorophyll. All of the brown algae normally grow attached, but 



280. - Strurtiiro iincl reproduction of a species of Ectocarpus. A, habit drawing. 
Ey ])ort ion of a plant showing sporangia. C, a single ganu'taiigium and vegeta- 
tiv(' "ells. D, portion of a plant .showing garnetangia. two zoospores, 
F, s(‘veral stages m conjugation, including a zygote, to the right of tht‘ lettiT. 
(J, two gametes about to conjugate. (A to D after Sctchell and Gardner.) 

plants may bc'ceme detached and still survive. Floating masses of the 
brown alga, Sargcusfuini (Fig. 284), make up the greater part of the 
flora of the “ Sargasso S(‘a.^' In the Phaeophyceae no restitig spores 
are product'd. The motile cells, whether zoospores or gameti's, have 
in most cas(‘s two cilia which are laterally attached. 

Distribution of Phaeophyceae. — These plants are marine and much 
more common and better developed in the cool ocean waters of the 
temperate zones than in warm tropical seas. 
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Representatives of the Class. — Among the best-knoWn representa- 
tives of this class are the simple filamentous species of the genus Ecto~ 
carpus; th(‘ large forms which an^ called kelps and which include 
the common genera Lnininaria, Ncreocysiisy Macroci/stis, and Postehia 
(sea palm); and the rock weeds (Fucus), 



Fia. 281. — Three young phints of one of the largest kelps (N freorysfis luetkearuj). 
(AltcT Postels and Rupre(;ht.j 


Structure and Life History of Ectocarpus. — Ectocarpus is a form 
which, like Ulothrix, illustrates the way in which scjxual reproduction 
may have arisen and heterogamy devolopc^d. The. plant body consists of 
attached tufts of branched filaments consisting of one or several rows 
of cells. The sporangia in which the zoospon^s are produced are gen- 
erally single cells borne at the end of a special short lateral branch, 
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although they may be within the main filament. Numerous zoospores 
are produced within each sporangium. They escape by the dissolution^ 
of the wall at one place and swim about for some time by means of their 
two unequal, laterally inserted cilia. When they come to rest they 
develop directly into new individuals. 

The gametangia are multicellular structures, larger than the sporan- 
gia and generally on a special lateral branch. They are made up of 
cubical cells, the protoplast of each of which becomes a gamete. The 
gam('t(‘s arc similar to zoospores in structure but normally do not 



Fig. 282. — ^A large kelp (Pelagophyms) from the Californian coast. (Photograi)h 
furnished by W. A. Setchell.) 

develop new plants without fusion to form a zygote. Fusion occurs 
only betwei^n ganud.es from different plants. Whiai the zygotes germi- 
nate they give rise to new plants directly. 

Among the different speck's of Ectocarpiis^ thei-e are apparently the 
beginnings of a difi’erentiation of gametes. Tn some forms there is a 
slight differi'iice in size, and it is said that in such cases only gametes 
diffc'ring in size are able to fuse. In short, littki distinction seems to 
exist in the genus Ectocarpus as a whole, between zoospores and gametes, 
and there occur various gradations between isogametes and hetero- 
gametes. 
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The Kelps. — These are the plants which form the extensive kelp 
beds off the Pacific coast. The largest of the kelps, MacrocystiSy is said 
to reach a length of 100 meters; and the stalk of Ncreocystis (Fig. 281) 
has been known to grow to a length of 30 or 40 meters. These plants 
possess a holdfast, or c)rgan of attachment, a stalk or stipe, and expanded 

blade-like portions. There is 
a considerable diffen^ntiation 
of tissues also. 

The kelps were formerly be- 
li('ved to be isogam ous plants. 
It has be(*u rec(uitly shown, 
however, in the case of several 
species, that the slructures 
fornierly thought to b(‘ isoga- 
metes are really zoospon's, and 
that these upon germination 
giv(^ rise to very small plants 
quit(i unlike the typical k('lp 
plants. These minute plants, 
which hav(^ previously escaped 
discovery, are of two sorts (an- 
theridial and oogonial), pro- 
ducing respectively sperms and 
eggs. From the zygotes re- 
sulting from the fusion of 
sperms and eggs develop typi- 
cal kelp plants. Thus there is 
in th(^sc plants and probably in 
most of the Pha(^ophyceae an 
alternation, in the life cycle, of 
gamete-producing j^lants with 
plants w4iich produce asexual 
spores. Such an alternation 
also exists in certain Rhodophyceac and in all the plants belonging to 
the Bryophyta, Pt(U*idophyta, and Spermatophyta. 

Fucus. — Fucus (Fig. 286) is the so-called bladder wrack, which is 
g(‘nerally abundant on the rocks between the high and low tide levels 
on the shores of most tcmp(irate seas. It is related to Sargassum 
(Fig. 284), which is found mostly in tropical seas. Off the southeast 
coast of the United States is the great area, about a quarter of a million 
sejuare miles in extent, of floating seaweed called the Sargasso Sea. 
The principal plants found there arc two species of Sargassuin. Pieces of 



Fig. 283. — The soa, palm (Posielsia palmac- 
formis), a rnmarkable kelp found on .some 
of the most cxf)Osrd rocky shores of the 
California coast, whi^rc it is almost con- 
stantly siihjcct(3d to the battering of the 
waves. This plant has a very elTective 
syst,(‘m of holdfasts and a stout stipe sur- 
mounted by flattened bladc‘s. (From a 
photograpli furnished by Gardner and 
Sctchell.) 
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these plants probably were brought by ocean currents from the coasts 
of the West Indies or of tropical America where they grew attached.. 
For ages they have multiplied vegetatively in the Sargasso Sea. 

Life History of Fucus. — Since there is no asexual method of repro- 
duction in Fucufiy it is convenient to begin the life history with the 
zygote. This is produced outside of the plant in the open sea by the 
fusion of one of the very great number of biciliate sperms with a very 



Fjg. 284. Fig. 285. 


Fig. 284.- -Part of a plant of Sargassum. (After GardntT and Setchcll.) 

Fig, 285. — Fertilization of th(‘ egg and germination of the zygote of a species of 
Fucus. UjJfJer left, an egg surrounded by many sperms. I ^ppor right, a zygote 
germinating. The tubular outgrowth, which later forms a holdfast at the tip, 
arises always on the side of the zygote away from the light. Lowct left, tho 
young plant has divided into two cells by a transverse wall. Iowct right, a 
wall at right angles to the first divides the up})er of the cells shown in thi' left- 
hand figure into two cells. (After Thuret.) 

large egg cell, which may have a volume as much as thirty thousand 
times as great as that of a sperm. 

Germination of Zygote . — This zygote docs not become a resting spore, 
as in the fresh-water algae, but almost at once forms a thin cellulose 
wall about itself and then germinates and grows into a new plant. 
When it germinates it forms, on the side away from the light, a short 
tube (Fig. 285). I^y this tubular outgrowth, which may branch, the new 
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plant attaches itself to some solid object. Then many cell divisions 
take place, so that soon the plant is made up of many cells. One 
of these, at the extreme tip, is the apical cell. It is in a constant 
state of division and corresponds to the promeristem of the seed- 
bearing plants. After the formation of the apical cell all subsequent 
growth of the plant results from the division and enlargement of 



Fig. 28G. — A frond of a specioa of Fucusy showing the dichotomous method of branch- 
ing, and the fruiting liranches with nuriKirous conspicuous swellings (openings 
of the conceptacles). (Photograph furnished by Gardner and Setchell.) 


cells cut off from this cell. We shall find that such growth from 
an apical cell is characteristic of most of the plants belonging to 
Bryophyta and Pteridophyta, as well as of Fucus and many other 
large marine algae. As cell division and enlargement of the new 
cells continue in Fucus, the new plant develops a body consisting of 
(1) a disc-like holdfast, (2) a stalk called the stipe, and (3) a broad, 
flattened part, the frond. 

By this time it is possible to see at the extreme end of the flattened 
portions an elongated pit. The apical cell lies at the bottom of this pit. 
Before the new Fucus plant has attained any considerable size, the apical 
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cell divides lengthwise into two 
equal halves, each of which now 
functions independently as an 
apical cell. As a result, a 
forking of the frond takes place 
and after a time each of the 
branches will again fork as a 
result of the division of each 
of the apical cells into two. 
This method of branching by 
forking is called dichotomy. It 
is relatively rare among plants. 
Much more common is the mo- 
nopodial type of branching in 
which numerous small branchc's 
are formed on the sides of a 
main axis or stem which is con- 
tinuous. As the plant grows 
the fronds fork repeatedly. 

Structure of the Mature 
Plant . — A cross-section of a 
vegetative branch of Fucus 
shows some differentiation of 
tissucis. Th(‘re is a compact, 
dark brown, oiit(T region called 
the cortex, and an almost col- 
orless central portion made up 
of a loose mass of elongated 
cells which is called the me- 
dulla (Figs. 287A and 288 A). 

Fig. 287. — A species of Fucus in 
which the .'inthendia and oogonia 
are borne on different individuals. 
Aj cross section of a fruiting tip 
of a male plant, showing the com- 
pact outer region (the cortex), 
the loose tissue within (the me- 
dulla), and several antheridial 
conceptacl(;s. 7?, a single anther- 
idial conceptach' in section show- 
ing the opening to the surface 
(the ostiole) and the anthcridial- 
bearing hairs which arise from 
the inner surface. C and I), 
antheridia and the branched 
hairs upon which they are borne. 
(After Thuret.) 
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In certain species of Fucus (notably Fucus vesiculosus of the Atlantic 
coast) air bladders, which arise by the accumulation of gas in large 
intercellular spaces, are borne some distance from the tips of the flat- 
tened branches. 

Reproduction . — The garnetangia are borne within nearly spherical 
chambers in the swollen tips of the branches. These cavities are called 
conceptacles (Fig. 287, B). ]^]ach conceptacle opens to the surface of the 
branch, by a small pore, the ostiole. From the inner surface of the con- 
ceptacle, slender, multicellular, unbranched hairs (paraphyses) grow out. 
They are all directed toward the ostiole, and in certain species of 
Fucus some of them actually grow out through the ostiole, and pro- 
trude as cottony tufts. Directed as they are toward the opening 
(ostiole) of the conceptacle, the paraphyses probably facilitate the 
escape of the gametes when the latter become mature, for fertilization 
in Fucus tak(is place outside the conceptacles. 

In some spc'cies such as the common eastern species, Fucus vesicu- 
losus, the male and female' garnetangia are produced in different con- 
ceptacles which are borne on different plants. In that species the 
male plants, when the garnetangia are mature, can bo easily distin- 
guished from the female plants because of the yellow or orange color 
impartc'd to the former by the immense numbc'r of sperms, each of 
which has an orange pigment spot. In other species the male and 
female garnetangia (antheridia and oogonia) are produced within the 
same conceptacki. 

Developmejii of Sperms . — Antheridia are produced among the para- 
physes of the antheridia! conceptacles or the mixed conceptacles of 
species producing both kinds of garnetangia in the same conceptacle 
(F'ig. 287). They are ovoid cells which are borne on much-branch('d 
hairs. Each of the cells which is to become an antheridium contains at 
first a single nucleus. This nucleus divides into two, and these into 
four and so on until in most species sixty-four nuclei are produced. 
Finally each nucleus, with a small amount of cytoplasm, becomes a 
sperm. The sperms are more or less pear-shaped and have two laterally 
attached cilia of unequal length and a pigment spot or eye spot. When 
the sperms are mature the whole mass within one antheridium escapes 
by a rupture of the out(;r layer of the antheridium. The paraphyses se- 
crete considerable mucilage. When the Fucus plants are exposed to the 
air at low tide, there is some drying out of the fronds and some shrink- 
age. The contraction of the outer tissue of the fruiting frond results in 
the mucilag(^ within the conceptacle, together with masses of sperms or 
eggs, being extruded from the ostiole. The rising tide washes off the 
extruded mucilage and liberates the gametes which are then free to fuse. 
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Development of Eggs , — The ogonia are also borne among th(^ para- 


physes. In the development of 
these gametangia a short out- 
growth arises from the cells 
which form the wall of the 




concoptacle. This outgrowth 
divides transversely into two 
cells of which the outer be- 
comes the oogonium and the 
inner a stalk cell. The oogo- 
nial cell enlarges and becomes 
filled with dense protoplasm. 
Its single nucleus then under- 
goes three successive divisions, 
giving rise to eight nuclei. 
There follows a division of the 
cytoplasm into eight masses, 
each of which with a nucleus 
becomes an egg (Fig. 288). 
These eggs become rounded 
within the oogonium but are 
without any cell wall. 

The oogonium wall is made 
up of several laycTs. At ma- 
turity of the eggs the outer- 
most layer is ruptured and the 
eight eggs escape from the 
oogonium but remain within 
tlu^ two inner layers of the 
wall. In succession the outer 



and the imuT of these layers 
ruptures and ihn eggs are 
finally allowed to escape into 
the s(\a wat('r (Fig. 285) where 
fertilization takes place. The 
fertilization of many of the eggs 
is made c('rtain by reason of the 
gr(‘at numbers and motility of 
the sperms and the character- 
istic substance given out by the 
egg, which attracts the sperm. 

In Fucus the reduction of 


Fig 288. — A spoci(;.s of Fucus in which anther- 
idia and oogonia arc produc(*d on different 
individuals. A, a cross si‘ction through a 
fruiting Iminch of a female jdarit showing 
the cortex, medulla, and sevcrnl oogonial 
conceptacles. Bj a singli^ oogonial con- 
ceptacle in section, showing the* ostiole and 
the oogonia and para physes which line the 
conceptacle. C, a portion of the floor of the 
conceptacle showing an oogonium attach(‘d 
by its stalk cell and surrounded by a num- 
ber of paraphys(*s: Note that the proto- 
plasm of the oogonium has undergone 
cleavage to form the eight eggs which have 
not yet rounded up. (After Thuret.) 

chromosomes, from the double or 2n 


382 


THE THALLOPHYTA— ALGAE 


number characteristic of the plant ” to the half or n number found 
in the egg and sperm, takes place at the first division of the antheridial 
and th(' oogonial cells, that is, not long before the time of gamete 
formation. At fertilization the chromosome number is doubled, 
so that the oospore and the plant into which it develops have nuclei 
with 2n chromosomes. 

Among the most important features of the structure and life history 
of Fucus are the following: 

1. The great size and (‘omplexity of the plant body compared with 
the Myxophyceae and the Chlorophyceae, and the considerable differ- 
entiation of tissues. These are even more marked in some of the 
kelps. 

2. The terminal growth from a single apical c^ell. 

3. The habit of dichotomous branching. 

4. The absence of zoospores or other means of asexual reproduction. 

5. The extreme differentiation of the gametes, the sperms being 
very small in size, highly motile, and produced in very great numbers, 
and the eggs being large, relatively few in number, and without power 
of locomotion. 

6. The production of eight egg cells within a single female game- 
tangium. 

7. The fact that the eggs, instead of being retain('d and proto(‘ted 
within the female garnet angia until after fertilization, as in Oedogonium 
and Vaucheria^ and in the Bryophyta and th(i Pteridophyta, are 
expelled before fertilization. 

8. The fact that the reduction division takes place when the gametes 
are produc(?d (at the first divisions of the antheridial and oogonial 
cells; and not, as in Spirogyra and Oedogonium y at the germination of 
the zygote. 

9. The almost immediate germination of the zygote, in (contrast 
with the delayed germination of the zygotes of Spirogyra, Oedogonium, 
Ulothrix, and Vaucheria. 

THE RHODOPHYCEAE— RED ALGAE 

The fourth class of algae is made up of plants which are mostly 
marine, although a few species live in fresh water. All the members 
of this class an^ multicellular. In general thejy are clearly more dif- 
ferentiated than the green algae, but as a group are characterized by 
simpler structure than the kelps and the Fucales. Most of the vege- 
tative cells have a single nucleus, though in some of the red algae large 
vegetative cells with several nuclei occur. The plastids, which may 
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occur in large numbers in each cell, contain in addition to chlorophyll a, 
chlorophyll b, carotin, and xanthophyll, a red accessory pigment called 

phycoerythrin. 

In many red algae the cell walls are very thick, so that the proto- 
plasts appear to be embedded in an extensive gelatinous matrix. In 
these forms there are often pits in the cell walls through which extend 
protoplasmic connections between the protoplasts of adjoining cells. 
Some of these plants, which have a 
finely branched plant body, are cer- 
tainly to be considered the most 
delicate and beautiful of all marine 
plants. In one group of red algae, 
the coralline algae, the cell walls 
become impregnated and encrusted 
with large quantities of carbonate 
of lime and are strongly suggestive 
of corals. Certain related red algae 
similarly encrusted with lime have 
played an important part in the 
building up of coral reefs. Sexual re- 
production is always heterogamous. 

Distribution. — The Rhodophy- 
ceae are abundant in the seas of the 
temperate zones. They are gener- 
ally found below low-tide level and 
may grow at depths as great as 200 
meters. 

Reproduction. — None of the red 
alga(^ produce ciliated cells of any 
kind. Sexual rei)roduction, when it 
occurs, is in all cases heterogamous. 

The male gametes are spherical, non- 
motile sperms produced singly in 
structures called antheridia, and are 
carried by the movements of the 
water to the female gametangia, known in this group as carpogonia. 
Each carpogonium is a cell enlarged at the base and elongated at the 
unattached end into a relatively long filament, the trichog3me, and when a 
sperm comes into contact with a trichogyne it adheres to it. Then 
the wall of the trichogyne dissolves at the point of contact and the 
nucleus of the male gamete passes down through the trichogyne and fuses 
with the nucleus of the female gamete at the base of the trichogyne. 



f 


Fia. 289. — A portion of a plant of 
Pierosip}umi(iy a gonus closely 
related to Pohfsiphotiia. The te- 
trasporic plants, t,he male plants 
and the female jdants can not he 
distinguished from one another by 
the naked eye. (Photograph fur- 
nished by N. L. Gardner.) 
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The zygote in some of the simplest species gives rise to numerous short 
branches on the ends of which are borne spores called carpospores. 
In many species the formation of these carpospores from the zygote 
is a process of great complexity. 



Fig. 290. — Structure and life history of a species of Polysiphonia. Upper left, a frag- 
ment of a tetrasporic plant, showing the form and arrangement of th(‘ vegetative 
cells (this feature is the same in the sexual jdants), and groups of tetraspon^s. 
Bf cross section of a branch showing the arrangenuint of the tetrasporc's and 
vegetative cells. C, branch bearing a procarp which consists of a carpogonium 
(carpogonial cell) and adjacent cells. Z), branch bearing antheridia. E, branch 
showing the cystocarps whose formation from the procarps is initiated by 
fertilization. To the right is a single carposporc. These are produced in the 
cystocarps. 

Alternation of Generations in the Rhodophyceae. — In some of the red 
algae the carpospores germinate and produce new plants upon which 
are borne carpogonia and antheridia. These are, however, the excep- 
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tional cases. Usually, for instance in the genus Polysiphonia, the life 
history is more complicated. In these forms, when the carpospores 
germinate they give rise to plants which resemble superficially the plants 
that produce the carpogonia and antheridia, but which never form 
gametes. Instead of gametes, these plants which develop from the 
carpospores form asexual spores, in groups of four and are called tetra- 
spores in the case of Polysiphonia and many other genera. These spores 
are usually produced in groups of four, each group resulting from two suc- 
cessive divisions of certain cells of the asexual or tetrasporic plants. The 
tc^traspores upon germination generally do not give rise to tetrasporic 
plants but instc^ad to sexual plants bearing antheridia and carpogonia. 
Thus the life cycle consists of two phases which alternate with each other. 

It has been shown that, in Polysiphonia and in several other genera 
in which this alternation of asexual and sexual phases or generations 
takes place, the sexual and asexual plants are characterized by a dif- 
ference in the number of chromosomes in their nuclei. The nuclei of 
the gamete-bearing plants have n chromosomes. The gametes also 
have n chromosomes, but as the result of the fusion of the nuclei of the 
two gametes the zygote has 2n chromosomes, and so do the carpospores 
and the tetrasporic; plants which develop from them. One of the two 
nuclear divisions which occurs when the tetraspores are formed is a 
reduction division, and accordingly the tetraspores have n chromosomes, 
as do the nuclei of the gamete-bearing plants which are produced when 
the tetraspores germinate. The life cycle of these plants is shown 
in somewhat greater detail by the following diagram, in which is also 
indicated the chromosome number of the various stages in the life cycle. 


Sexual plants 
(n) 



male gamete 
in) 


female gamete 
(n) 



Tetraspores <- 
in) 


zygote 

(2n) 


Carpospores (2n) 

i 

Asexual plants 
(2n) 


In each cycle the chromosome number is doublgd when the gametes 
fuse and halved again at the reduction division just before tetraspore 
formation. 

This alternate doubling and halving of the chromosome number is 
not, however, the cdiaracteristic thing about the life cycle of the red algae ; 
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it has been shown to occur in the life cycle of Spirogyraj Oedogonium, 
other green algae, and some of the kelps and it is clear that it must 
take place in the life cycle of even the simplest algae having sexual 
reproduction, since the zygote nucleus contains the chromosomes from 
the two gamete nuclei. The remarkable thing about the life cycle of 
such plants as Polysiphonia is that, instead of the chromosome number 
being halved almost immediately as in Spirogyra (at the germination 
of the zygote), the reduction division is delayed until after the zygote 
has given rise to another plant morphologically indistinguishable 
from the sexual plant until near maturity when tctraspores are produced. 


SUMMARY 

/ 

Origin and Evolution of Sex in the Algae. — In the most primitive 
algae, reproduction is by fission. When the cells of such plants are 
united in colonies, the colonics eventually break up into groups of a few 
cells, each group growing by the fission of its different cells until larger 
colonies are formed (hormogonia produ(‘tion in Oscillatoria). Such 
plants may produce resistant spores (thick-walled cells with much 
reserve food) which can carry the organism over periods of drought or 
unfavorable temperature. 

In several groups of algae, zoospores (motile, asexual spores) were 
probably produced before sexual reproduction originated. The zoo- 
spores serve for multipli(^ation and for wider distribution of the species. 
These zoospores appear to have been the structures from which gametes 
originated in the evolution of sex in plants. In the more primitive of 
plants having sexual reproduction, the gametes are alike in stru(*ture 
(isogametes). In less primitive forms they are structurally of two kinds 
(heterogametes, i.e., sperms and eggs). 

In some of the forms which produce both zoospores and gametes, 
as in Oedogo7iium, the gametes, or at least the male gametes, are essen- 
tially the same in structure as the zoospores, though smaller in size. 

In several distinct algal groups there are slight differenc^c^s in the 
size of the gametes of a given species, or in the duration or degree of 
their motility. Such species exhibit the beginnings of differentiation of 
the sex cells into male and female gametes. 

In forms in whi(^h the gametes are further differentiated there may 
exist great differences in the size of the two kinds, complete loss of 
motility of the female gamete, and great increase in the number of male 
gametes produced by a single plant, together with corresponding decrease 
in the number of female gametes. In some of the algae in which there is 
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a very marked differentiation of the gametes, the female gamete is 
retained within the gamctangium (oogonium) until after fertilization. 

Conditions Favoring Zoospore and Gamete Production in the Algae. 
— In general, zoospores are not produced except during periods favorable 
to the vegetative activity of the plant. Sexual reproduction seems fre- 
quently to be brought on by conditions not favorable to vegetative 
activity. The zygote in many algae is a thick-walled, resistant spore, 
capable of withstanding conditions which would be fatal to the vegetative 
cells. Upon the return of favorable conditions it germinates and pro- 
duces a new plant. 

Relative Complexity of Algae and Typical Land Plants. — Such com- 
plexity as is characteristic of typical land plants is not found in the algae, 
not even in the great kelps. The relatively small number of organs 
and slight differentiation of tissues in the algae are sufficient for suc- 
cessful existence in the comparatively uniform environment of the water 
habitat. The plants, being largely supported in the water by their 
buoyancy, have less need for mechanical tissues than plants which grow 
erect in the air. Special tissues for absorption and conduction are 
less need(‘d than in the case of land plants, since the immersed algae 
are entirely bathed in water, which supplies the necessary mineral salts, 
carbon dioxide for photosynthesis, and oxygen for respiration. Tissues 
for the regulation of water loss are obviously entirely unnecessary. 



CHAPTER XII 


THALLOPHYTA— FUNGI 

INTRODUCTION 

The fungi do not constitute a natural group. Among them are 
included plants which are certainly more distantly related to each other 
than they are to certain plants outside the fungi. The single definite 
basis of distinction between the algae and the fungi is the fact that the 
algae can make their own food from simple inorganic food material, 
whereas the fungi, lacking chlorophyll, must secure their food ready- 
made from some other living organisms or from the dead remains or 
products of some organism. 

An organism deriving its food from the living body of another plant 
or an animal is termed a parasite. The rusts and smuts of cereals are 
good examples of parasitic fungi. An organism obtaining its food from 
the dead body or the non-living products of another plant or animal is 
called a saprophyte. Common saprophytic fungi are the molds and 
mushrooms. Plant pathologists are primarily concerned with parasitic 
fungi, for these are the organisms that attack many useful living plants, 
derive nourishment from them and seriously injure them. Plant dis- 
eases, which result from the attacks of parasitic organisms, cause tre- 
mendous losses. 

There is not always a sharp distinction between parasites and sapro- 
phytes, and it is quite difficult in some cases to tell to which of these 
classes a given plant should be assigned. There are some fungi, for 
example, certain species of Fusarium^ which may attain their best 
development as parasites, but which may be able to exist for a time as 
saprophytes. Such organisms arc called facultative saprophytes. Also 
there are some fungi, such as certain of the black molds, which normally 
are saprophytes in their habits, but which may now and then become 
parasitic, and therefore are called facultative parasites. These two 
groups are in contrast to those which are obliged to live strictly as 
saprophytes or parasites, as the case may be, and which are called 
obligate saprophytes or obligate parasites. 

In the condition called parasitism, one organism, the parasite, 
secures its food entirely or in part from the tissue of another organism. 
The organism at the expense of which the parasite lives is called the 
host. The parasite contributes nothing to the advantage of the host. 

388 
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We shall include in our discussion of the fungi an account of two 
groups of Thallophytes which are by many authors excluded from , 
the fungi proper, but which are unable to make their own food. These 
are the first two of the groups listed below. 

We shall consider the fungi as consisting of the following five groups: 

The Schizomycetes or Bacteria (Fission Fungi). 

The Myxomycetes (Slime Fungi). 

The Phycomy cotes (Algal Fungi). 

The Ascomycetcs (Ascus Fungi). 

The Basidiomycetes (Basidium Fungi). 

These five groups include a large proportion of the parasitic or sapro- 
phytic plants in the Plant Kingdom except a relatively small number 
which show by their structure and development that their closest rela- 
tives belong to one of the great groups of autophytic plants; and except a 
considerable numbf^r of fungi of great economic importance whose com- 
plete life histories have not been worked out. Because of this incom- 
pleteness they have been placed in a group known as Fungi Imperfecti. 
However, the life histories of many have been completed and thus they 
have been placed in their proper classification. 

BACTERIA 

General Characteristics. — The bacteria are strictly unincellular 
organisms. Sometimes the individuals remain more or less united and 
thus form irr(*giilar masses or filaments, but in such cases each cell is self- 
sufficient and then' is no evidence of division of labor among such cells. 
Bacterial cells, like tlu^ cells of the Myxophyceae, are without definite 
nuclei. IMulti plication is entirely by fission, although the whole proto- 
plast in some bacteria may become surrounded by a thick w^all and thus 
form a resistant s])ore. The bacteria are either parasitic or saprophytic, 
with the ('xcei)tion of a very few forms which can make their own food. 

Distribution of Bacteria. — These tiny organisms are all about us. 
They are found floating in the atmosphere, mostly as ^'passengers'^ 
on dust particles, up to a height of several thousand feet, except just 
after heavy rains or snow storms when the air is practically free of 
them. Tlu^y are present in rain water and in freshly fallen snow, 
as well as in all natural bodies of water and in all drinking water w^hich 
has not been boiled. They are abundant upon the surface of the human 
body and are present in large numbers in the intestinal tract and on 
all the mucous membranes. Bacteria arc found in soil down to a depth 
of six feet and more, many millions often being present in a gram of 
soil. They are, of course, particularly abundant in sewage. It has 
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been shown that there may be as many as six billion in a cubic inch 
of sewage. Living bacteria are present on the surface of all the objects 
about us except those which have recently been heated to a high tem- 
perature or otherwise sterilized. They are seldom found within the 
tissues of plants and animals except when the organisms are suffering 
from one of the numerous diseases which bacteria may cause. 

Size of Bacteria. — These organisms are very small but they vary 
in size within rather wide limits. Among the smallest known bacteria 
is a rod-shaped form which is ^ micron long and ^ micron wide, but 
the average dimensions of the rod-shaped forms are probably about 
2 microns by ^ micron. (A micron, the unit of microscopic measure- 
ment, is ^ millimeter or about ^ 5^0 inch.) 



Fig. 291. Fig. 292. 


Fig. 291. — Coccu.s forms of bartrria. A, Diplococcva. Staphylococcus. ( 7 , Snrri?i(i. 

D, Sli'i plococi us. 

r"iG. 292. — bacillus forms of bactcna. /I, Bacillus sporogcncs. Bacillus suhLilis 
(young stage). C, Bacillus proteus. Dj Bacillus typhosus. All magnih(‘d 
about 750 X. 

Multiplication of Bacteria. — A bacterium which is abundantly 
supplied with food and surrounded by conditions favorable to it will 
grow to a certain maximum size and then divide by fission into two bac- 
teria of equal size. Under favorable conditions the organisms increase 
in number by this method very rapidly, so that, the descendants of a 
single bacterium may be, within a few hours, literally countless. Some 
bacteria may divide as often as once in twenty minutc^s. Tt has bei^n 
(‘stimated that if the cholera organism maintained its maximum rat,(^ 
of fission for twenty-four hours, the bacteria which would thus be 
produced from one bacterium would number 47X10^'^ or 4,700,000,000,- 
000,000,000,000 and would weigh about two thousand tons. This 
number is, of course, quite beyond our conception, but we gain some 
idea of its immensity when we learn that it is over seventy billion 
times the number of seconds since the birth of C-hrist,. As a matter 
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of fact, long before any such number of bacteria could be produced 
by fission, the processes of growth and division would have been slowed 
down or entirely interrupted by the exhaustion of the food supply or by 
the accumulation of poisonous waste products of metabolism (chemical 
changes in the living organism). 

Form Types of Bacteria. — There are three principal morphological 
types of bacteria: spheres, rods, and spirals. These are spoken of 
respectively as cocci (singular coccus), bacilli (singular bacillus), and 
spirilla (singular spirillum). 

Structure of the Bacterial Cell. — Many bacteria have the cell wall 
surrounded by a capsule or envelope of gelatinous material. In some 

forms this gelatinous mantle 
holds the bacteria together 
after division, so that they 
form filaments or irregular 
masses. This is the case with 
the bacteria which arc respon- 
sible for the production of 
vinegar. The gelatinous mass 
with embedded bacteria is 
the so-called mother of 
vinegar. The cell wall proper 
differs from that of typical 
plants in that it contains no 
cellulose. It is very similar 
chemically to Ihe protoplasm 
itself. The protoplast consists 
of cytoplasm, through which 
are scattered particles of chromatin. That the protoplast is bounded 
by a semi-permeable membrane is clear from the fact that the bacterial 
cell may be plasm olyzed. This fact is the basis of the commonly 
used methods of preserving food from spoiling by bacteria and similar 
plants through the use of salt and sugar. When foods are preserved in 
sugar, sugar syrup, dry salt, or brine, the bacteria are unable to grow 
because of the withdrawal of most of their water by osmosis. 

Spore Formation. — Some bacteria are capable of producing resistant 
spores which can withstand high temperatures, the presence of poisonous 
substances, and other unfavorable conditions which are fatal to the 
ordinary vegetative cells. Fortunately, only a few disease-producing 
bacteria form spores. With few exceptions, the spores are produced 
singly within the vegetative cells. The protoplast contracts and becomes 
surrounded by a relatively thick wall. Generally, the wall of the cell 




11 sperios of Thiospir ilium (a sulphur oxi- 
dizing organism). B, BpiriU/um unduJum. 
(\ Vibrio rfioUrac. D, a specuw of Spiro- 
chaete. All magniliod about 1000 X. 
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within which the spore is formed is later dissolved away and thus the 
spore is freed. Koch, a great pioneer student of bacteria, found that 
the spores of Bacillus anthracis, which is the organism causing anthrax, 
could remain alive as long as fifteen days in a 1 per cent carbolic acid 
solution, whereas the ordinary vegetative cells of the same organism 
were dead after two minutes in such a solution. Spores are also much 
more resistant to heat than are vegetative cells. Those of Bacillus 
subtilis, a bacterium always abundant on hay, survive one-half to 
three-quarters of an hour of boiling, while the vegetative cells are 
killed at once by boiling water. The great resistance of the spores to 
high temperatures and to most other conditions which would kill the 
ordinary cells is principally due to the fact that their protoplasm con- 
tains very little water. Similarly the resting spores of many algae and 
certain spores produced by fungi, mosses, and ferns, as well as the seeds 
of Spermatophyta, have a very low water content and are much more 
resistant to very high and low temperatures and other unfavorable 
conditions than are the vegetative cells and tissues of these plants. 
The spores of some bacteria are known, however, to be more easily 
killed by light than are the vegetative cells. 

Germination of Spores. — When temperature, moisture, food supply, 
and other conditions are favorable, bacterial spores germinate and each 
gives rise to a single bacterium. Apparently the spore wall first under- 
goes a softening and then the contents swell as a result of water absorp- 
tion. The spore wall is then broken through at one point, the proto- 
plasm pushes out, surrounds itself by a new cell wall, and thus a new 
bacterium is formed. Since but one spore is produced within a vegeta- 
tive cell and since each spore gives rise upon germination to a single^ 
bacterium, it is evident that spore formation is not a iru'thod of multi- 
plication. The spores serve rather to tide the* plant over a period 
which is unfavorable to vegetative activities. 

Motility of Bacteria. — Some bacteria arc able to swim about in a 
liquid medium. This active locomotion is accomplished by means of 
long and slender threads, or whips of protoplasm, called cilia (singular 
cilium) or flagella (singular flagellum). These may arise from various 
parts of th(‘ cell. By their rapid spiral motion t hey cause the bacterium 
to move about through the water or other liquid medium. Cilia an^ 
very rare among the cocci, not infrequent among bacilli, and practically 
universal among the spirilla. 

Beneficial Activities of Bacteria. — These plants are popularly 
looked upon as organisms which are always harmful to man or to man’s 
interests. This is but natural in view of the prominence which has 
been given to them as the causative agents in human and animal dis- 
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ease. Great as is the loss of life and property and the suffering for 
which some bacteria are responsible, the beneficial effects of bacteria 
doubtless outweigh the harm which they do. 

Their greatest single service is no doubt the part they play, together 
with the yeasts and molds, in causing the decay of plant and animal 
bodies. Through this process the carbon, oxygen, hydrogen, nitrogen, 
sulphur, and phosphorus which make up the bodies of animals and 
plants and their products are reduced to simple compounds, such as 
carbon dioxide, water, nitrates, sulphates, and phosphates, which can 
again be used as raw material in food building by living plants. Were 
it not for this process of decay, in which bacteria play so important a 
part, much of the available supply of certain essential elements would 
remain permanently locked up in the dead bodies of organisms, so that 
what remained would not be sufficient for the growth and development 
of living plants and animals. 

Th(‘ fertility of agricultural soils is largely dependent upon the 
prescmce of certain bacteria, which not only make available certain 
of the essc'iilial elements already in the soil, but may increase the 
fertility of the soil by adding to the amount of nitrogen present in it. 
Bacteria an' also essential to various industrial processes of great 
importance. In several stages through which leather must pass in 
the process of tanning, bacterial action is involved. The formation 
of vinegar is impossible without bacterial activity. The preparation 
of i he flax fiber, used in the manufacture of linen cloth, includes a stage, 
called retting,^’ during which the flax stalks are submerged in water 
and sul)jected to the action of bacteria which digest the pectose between 
the bast fibers and free these from each other. The ripening of cream 
by certain bacteria is the source of the characteristic flavors of the 
best butt('r, and some of the most prized cheeses owe their fine flavor 
at k'ast in part to bacterial products. The curing of tea and the man- 
ufacture of indigo arc other examples of processes in which bacterial 
action is involved, and the same is true of the preservation of corn and 
other fodders in the form of ensilage, and of cabbage as sauerkraut. 

Bacteria are able to decompose proteins, carbohydrates, fats, and 
other organic compounds of the dead bodies of plants and animals or of 
their products into simpler compounds. The bacteria accomplish these 
changes by the action of enzymes which they produce. 

Harmful Activities of Bacteria. — Bacteria an' th(' causative agents 
in a large numb(T of human diseases, including diphtheria, tuberculosis 
of the lungs and other organs, anthrax, meningitis, typhoid fever, 
cholera, pneumonia, lockjaw, and many others. Most of the serious 
diseases of domestic animals are also bacterial. Some of the most 
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important are glanders, tuberculosis of cattle, hogs, and fowls, blackleg, 
anthrax, and chicken cholera. Whereas most of the diseases of man 
and of animals are caused by bacteria, most of the diseases of plants 
are caused by higher fungi but a considerable number of important 
plant diseases arc due to bacteria. These include among others fire 
blight of pears, apples, and quinces; wilt of egg plant, potato, cucum- 
ber, squash, and watermelon; walnut blight, citrus canker, and the 

soft rots of various vegetables. 

j ^ — : 1 Bacteria are also a source of 

serious loss to man because of the 
I spoiling of food which is caused 
by them and by certain other 
fungi. It is this fact which makes 
necessary the expensive measures 
which we take for preserving sur- 
plus meat and other food by 
meaiLS of drying, salting, pickling, 
canning, and preserving in sugar. 
In addition to the soil bacteria 
which increase the fertility of 
agricultural soils, there are some 
which injure the soil by causing 
the loss of part of its combined 
nitrogen. 

Decomposition of Proteins. — 

The breakdown of proteins to 
their simplest decomposition 
products does not consist of a 
I I single process and in nature is 

Fig. 294.-A fruit of poar (P,/r«.v) affecUal gencrillly accomplished by a 
by fire-blight. NoU; the drops of oxu- single species of organism. Cer- 

diiUi which contain large numbers of ^ fnniri tVip TYinlfl<=! 

bacteria. (After Jackson, from Owens’ niamentOUS lUngl, me moias. 

Principles of Plant Pathology.) are among the organisms which 

decompose proteins, but it is vari- 
ous species of bacteria which are principally concerned. Th(' proteins 
are first decomposed into somewhat simpler but still quite complex sub- 
stances and th(‘se are then broken down into simpler and simpler 
compounds. Most of the changes by which the protein m()l(‘culcs are 
decomposed into successively simpler compounds are due to hydrolysis 
(union of a compound with water, attended by decomposition into 
two less complex compounds). Such hydrolyses are brought about 
by enzymes produced by various species of bacteria concerned in 
protein decomposition. Some of the successively simpler com^ 
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pounds which are produced in the decomposition of proteins are: 
proteoses, peptones, polypeptids, peptids, and amino acids. The . 
amino acids may then be further decomposed by various bacteria 
with the formation of such simple substances as methane (marsh 
gas), carbon dioxide, hydrogen sulphide, water, nitrogen, hydrogen, 
and ammonia. Decomposition of amino acids, resulting in the produc- 
tion of ammonia, is called ammoniiication. It is of great impor- 
tance in cultivated soils since the ammonia formed is used in the 
important process of nitrification which is necessary to the mainte- 
nance of soil fertility. 

Hydrolysis of Fats. — Probably a large number of different kinds of 
bacteria may take part in protein breakdown but there seem to be rela- 
tively few bacteria which are capable of breaking down fats. However, 
a considerable number of other fungi may carry on this process of fat 
hydrolysis. A molecule of fat is united with a water molecule and then 
split into a molecule of glycerine and a molecule of a fatty acid. 

Fermentation of Carbohydrates. — The processes of carbohydrate 
fermentation are of great economic importance, one of the most impor- 
tant bc'ing alcoholic fermentation. Only a few bacteria are able to carry 
on this process, the most important agents being the yeasts, a group of 
unicellular fungi which arc commonl^^ considered to be primitive Ascomy- 
c('tes. Tliey transform glucose and other similar sugars (hexoses) into 
(‘thyl alcohol and carbon dioxide, according to the following equation: 


CgHisOo = 2C2H5OH + 2CO2 

(glucose;) (ethyl alcohol) (carbon dioxide) 


This is an energy-yielding reaction, and the yeast actually respires the 
sugar, using part of the energy thus secured for its own life processes. 
The feriiuaitation of sugar by yeast is an enzyme reaction, although for 
many years all attempts to separate a sugar-fermenting enzyme from 
yeast faik‘d. It was finally shown that zymase, the enzyme involved, 
is an intracellular enzyme. That is to say, it can not escape under 
natural conditions from the ceil within which it is produced. The 
substances acted upon by such an enzyme must pass by diffusion into 
the living cell before they can be changed. The products of the enzyme ^s 
action may then pass out of the cell by diffusion. The liquid in which 
yeast cells are growing does not contain zymase in solution and there- 
fore docs not cause fermentation of sugar when freed of yeast cells. 
Zymase was finally secured by freezing the yeast cells, grinding them 
into a fine powder, and then treating them with water. When the 
water was filtered free from the fragments of yeast cells, it was found 
capable of causing fermentation. Cane sugar (C12H22O11) can not be 
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fermented by the enzyme zymase, but many yeasts produce another 
enzyme, called sucrase, which brings about the hydrolysis of cane 
sugar with the formation of the two hexosos, fructose and glucose. 
The fermentation of hexosc sugars is really an incomplete respiration 
carried on by the yeast cells. If there is an abundant supply of oxygen 
they can carry on ordinary and complete respiration of this sugar with 
the production of carbon dioxide and water. 

Starch is a carbohydrate which yeasts are genc’-ally unable to fer- 
ment. In the brewing industry the starch of barley and other grains 
must be changed to sugar by the process of malting before fermentation 
can take place. In malting, the grain is allowed to germinate and the 
diastase produced by the seed during germination changes the starch 
of the seed into sugar. 

Yeast is used in baking because the carbon dioxide liberated by 
the fennentation of a small part of the sugar contained in the dough 
forms bubbles and thus renders the bread light.” 

Acetic Acid Fermentation. — After alcoholic fermentation has pro- 
gressed to a certain point, the concentration of alcohol becomes so 
great as to kill off the yeast organisms or at least prevent their further 
activity. Then, if the solution contains not more than about 14 per 
cent of alcohol and if it is exposed to the air, aetdJe acid bacteria, which 
were already present or which have entered from the air, increase 
rapidly in number and bring about acetic acid fermentation. In this 
process alcohol is converted into acetic acid and water. This change 
is an oxidation and will therefore not go on unless considerable quantities 
of oxygen are available. The following equation represents this change : 
C2H5()II +02= CHaC^OOH + H.O 

(alcohol) (oxygen) (acetic acid) (water) 

The enzyme that brings about this changes has not betm isolated but 
it is probably an intracellular one. Aftt^r practically all tbe alcohol 
has been converted into acetic acid and water, the acid may be d(‘com- 
posed with the formation of carbon dioxide and water. The bacteria 
of acetic acid fermentation utilize the alcohol as a sourc(‘ of food and 
secure from its fermentation (an exothermic process) enc'rgy for their 
own use. 

Lactic Acid Fermentation. — Another carbohydrate fermentation, and 
one carried on principally by bacteria, is lactic acid fermentation. It is 
the production of this acid which causes the souring of milk, and the coag- 
ulation of the protein (casein), which is ordinarily called curdling.^ 

^ Lactose, the principal sugar present in milk, can not be directly fermented, but 
when it is hydrolyzed by the enzyme lactase (produced by niilk-8t)uririg bacteria) into 
the simple sugars, glucose and galactose, fermentation of those sugars can be accom- 
plished by lactic acid bacteria. 
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When the acid has reached a certain concentration, which differs 
according to the type of lactic acid bacteria which are principally 
involved, the fermentative activity of the bacteria ceases. Although 
the lactic acid bacteria are a source of serious loss because of the quan- 
tities of milk which they make useless for ordinary consumption and 
because of the effort and expense which are necessary to prevent the 
souring of milk before use, their activities are not entirely harmful. 
The lactic acid bacteria are useful to the producer of butter because 
the presence of lactic acid in the cream increases the yield of butter 
and improves the flavor as well. They are also necessary to the pro- 
duction of sour-milk cheeses. The curd used for sweet-milk cheeses, 
however, is produced by the coagulating enzyme, rennet, which is intro- 
duced by the cheesemaker. 

Bacteria in Relation to Soil Fertility. — Of the essential materials 
for food manufacture secured by the green plant from the soil, nitrogen 
is, n('xt, to hydrogen and oxygen, the one which is needed in largest 
quantities. This element makes up a large part of the molecule of the 
different proteins of which protoplasm largely consists. Because nitro- 
gen is needed in such quantities by the plant and for other reasons, soil 
nitrogen is the element more likely to become insufficient in quantity, 
after repeated cropping of the soil, than any of other essential elements. 
Large quantities of the nitrogen from the soil which has been built into 
plant proteins are removed in the form of stored food in the grain or 
oth(»r useful parts. Although the waste products from domestic 
animals, containing much of the nitrogen of the food which they have 
('aten and utilized in their metabolism, is in part returned to the soil 
as fertilizer, much of the nitrogen of the crops removed from the soil 
is never returned to it., but is altogether wasted or even discharged into 
and allowed lo pollute our rivers. As a result, maintenance of the 
supply of soil nitrogen is one of the principal problems of soil fertility. 

Nitrogen Fixation. — The atmosphere contains about 80 per cent 
of gaseous nitrogen. It has recently been reported that certain cereals 
are able to secure a very small part of their nitrogen from the gaseous 
or free' nitrogem of the air, but it is certainly true that they must secure 
most of their nitrogen in some other form. In the absence of all nitro- 
gen except free nitrogen, the higher plants do not thrive. Nitrogen 
in th(' form of nitrates (salts in which nitrogen and oxygen, in the pro- 
portion of one atom to three, are united with some metal, as in 
NaNOa, KNO3, and Ca(N03)2), is the most favorable for the use of crop 
plants. Nitrogen in the form of ammonium salts (salts in which nitro- 
gen and liydrogen are united, in the proportion of one atom to four, as 
(NH4)2C03 and NH4NO3), can also be used but is less favorable. A 
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number of agencies can cause the free or gaseous nitrogen of the atmos- 
phere to unite with other elements and thus make it available for the use 
of green plants. The union of free (gaseous) nitrogen with some other 
element or elements to form a compound is called nitrogen fixation. 
The common methods by which nitrogen fixation takes place in nature 
are (1) electrical discharges in the atmosphere, (2) activity of bacteria 
living free in the soil, and (3) activity of bacteria living symbiotically. 

Electrical discharges in the atmosphere, both in the form of light- 
ning and in the form of silent discharges, which are constantly taking 
place between the atmosphere and the earth, bring about the union 
of small quantities of atmospheric nitrogen and oxygen. The resulting 
oxides of nitrogen are washed from the air by rain and thus reach the 
soil, where they combine with other substances to form nitrates, llie 
quantity of fixed nitrogen which thus reaches the soil is, however, 
exceedingly small. 

Nitrogen Fixation by Bacteria Living Free in the Soil. — It can be 
shown that bare soil, even when it is prevented from receiving any 
nitrogen compound from the atmosphere, may increase in the amount 
of combined nitrogen which it contains. It is not difficult to demon- 
strate that this is due to bacteria present in the soil, for in sterilized 
soil no such increase in combined nitrogem takes place. Those non- 
synibiotic nitrogen-fixing bacteria have the power of combining the 
nitrogen of the air in the soil with other elenumts and thus building up 
complex organic nitrogen compounds. These complex compounds are 
later broken down in the soil and form nitratc^s. Th(^ best-known 
nitrogen-fixing bacteria living free in the soil are Clostridium pasleur- 
ianurn and several species of Azoiobacter. This bringing of tlie free 
nitrog(m into combination with other elements is an (mergy-absorbing 
proc('ss, and th(' necessary energy for it is secured by the bacteria from 
the oxidation (respiration) of organic carbon compounds in the soil. 

Nitrogen Fixation by Symbiotic Bacteria. — In addition to the nitro- 
gen-fixing bacteria which live free in the soil, there are otiiers which live 
in the roots of certain flowering plants, particularly members of the 
Leguminosae (bean family). The nitrogen-fixing bacterium which is 
commonly found in the roots of various Ix^ans, p(^as, lupines, clovers, and 
other leguminous plants is called Pseudomonas radicicoJa. When growii 
in culture as a free-living organism it does not hav(i the powtu- of fixing 
nitrogen. There are several strains of this organism, each of which 
seems to prefer association with certain species of leguminous plants. 
The bacteria gain entrance to the roots when the latter are young, and 
by their presence cause the formation of swellings or tubercles upon 
the root. The cells of these tutercles are largely filled witli th(^ bacteria. 
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The atmospheric nitrogen is probably fixed by these organisms in the 
form of organic nitrogen compounds. The seed plant bearing the tuber- 
cles is able to absorb and to use this organic nitrogen, or some simpler 
nitrogen compound arising from its partial decomposition. The rela- 
tion between Pseudomoncbs radicicola and the leguminous plant is certainly 
one of symbiosis (living together of two kinds of organisms with mutual 



Fia. 295. — Base of a plant of scarlot runner bean (Phaseolus muUiflorus) showing 
root tubercles which contain symbiotic nitrogen-fixing bacteria. 


benefit). The bacteria secure food from the protoplasm of the legumi- 
nous plants in whose roots they live, and the legume secures nitrogen 
from the bacteria. Seedlings of leguminous plants, grown in sterilized 
sand and provided with all the essential substances except combined 
nitrogen, develop no tubercles and soon show evidence of nitrogen 
shortage. If plants grown under such conditions and showing evidence 
of lack of nitrogen are watered with a soil extract from unsterilized soil in 
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which legumes have grown, Pseudomonas radidcola is introduced, 
tubercles are formed, and the plants thrive. Even though the plants 
are cut and removed from the field, there is an increase in the amount 
of combined nitrogen in the soil in which a legume crop has grown. 
The roots left in the soil and the tubercles which they bear undergo 
decay, and the combined nitrogen within them finds its way into the 
soil. There it is converted into nitrates. A number of plants, among 
others the common alder (Alnus), 
usually have nitrogen-fixing bacteria 
growing in symbiosis with them, and 
stimulating the roots to tubercle 
formation. 

Nitrification. — As a result of the 
breakdown in the soil of proteins 
from dead organisms or their organic 
products, considerable ammonia is 
liberated into the soil. If this re- 
mained in the form of ammonia gas 
it would diffuse into the atmosphere 
and thus be lost to the soil in 
which it was produced. Actually 
most of it is combined in the soil 
with other substances to form salts, 
such, for instance, as ammonium car- 
bonate, (NH 4 ) 2 C 03 . It has been 
observed that, even in bare soils, 
the quantity of nitrogen in the form 
of ammonium compounds tends to 
decrease, and that the quantity of 
nitrogen in the form of nitrates tends 
to increase proportionally. This 
conversion of ammonium nitrogen 
into nitrate nitrogen was formerly 
believed to be a simple chemical 
change with which organisms had nothing t.o do. It has been shown, 
however, that the change of ammonium salts into nitrates which is 
called nitrification does not take place if the soil has been sterilized, 
an indication that organisms of some sort are concerned in the process. 
The transformation is known to take place in two stages: (1) the con- 
version of ammonium nitrogen into the nitrogen of nitrites, such as 
KNO 2 and Ca(N02)2; and (2) the conversion of nitrites into nitrates. 
The two stages are carried on by different bacteria. The first step is 



Fig. 290. — Root tubercles from a lupine 
plant {Lu'pt?ivs). a, exterior view 
5 times natural size, b, longitudinal 
section showing at a the tissue filled 
with bacteria, c, a cell from a filled 
with nitrogen-fixing bacteria but still 
containing the nucleus of the root cell 
(magnified 200 times), d, nitrogen- 
fixing bacteria from a root tubercle. 

bacterioids (modified forms of bac- 
teria in old tubercles), d and e, en- 
larged 1000 times. (After Fischer.) 
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performed by several species of the genus Nitrosomonas, and the second 
by bacteria belonging to the genus Nitrobacter, These two kinds of^ 
organisms always occur together and are common in soils, manure 
heaps, river water, and sewage. As rapidly as nitrite is formed by 
Nitrosomonas it is converted into nitrate by Nitrobacier, so that in some 
cases it is not possible to detect nitrites in soils in which nitrification 
is going on. Neither of these organisms can thrive in the presence of 
large quantities of carbohydrates or of other easily oxidized organic 
compounds. Accordingly, the nitrification is not active in very heavily 
manured soil until other bacteria have fermented most of the organic 
material. 

Favorable soil conditions for active nitrification are sufficient lime 
and good tillage and drainage. Tillage and drainage are important 
in order that the soil may be well aerated and that thus sufficient 
oxygen may be available for the oxidation of ammonium nitrogen to 
nitrate nitrogen. 

Nitrosomonas and Nitrobacter are autophytic plants. They are like 
green plants in that they are able to manufacture their own food from 
water and the carbon dioxide of the air or that easily secured from 
bicarbonates in the soil. They differ from green plants, however, in 
that they can carry on this synthesis of food in the dark. They secure 
the energy for this endothermic process not from light but from the 
oxidation of amnion ium-nitrogen to nitrite and of nitrite to nitrate, 
these two latter process(‘S being themselves exothermic. Thus these 
organisms are as truly autophytic as green plants. Supplied with 
ammonia or nitrites by the oxidation of which they secure the energy 
necessary for food manufacture* they could live in a world containing no 
<)th(*r kind of organisms. Similarly certain other bacteria live auto- 
phytically, s(*curing their energy for food synthesis by the oxidation of 
hydrogen sulphide (II2S) to sulphur and finally to sulphuric acid 
sulphur (H2S()4). There are several other kinds of autophytic bacteria. 
Such food manufacture by use of energy secured from a chemical 
reaction (oxidation of ammonia, nitrite, hydrogen, sulphide, etc.) is 
called chemos3mthesis in contrast with photosynthesis which utilizes 
the energy of light. 

Denitrification. — ^There have been found in soil and in manures, 
as well as in the air and in natural bodies of water, bacteria which, 
instead of increasing the quantity of nitrate nitrogen, carry on the 

reverse process and convert nitrates into nitrites, into gaseous oxides 
of nitrogen, or even into free nitrogen, a process which is called denitrifi- 
cation. If this process of denitrification results in the formation of 
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free nitrogen, the nitrogen passes into the air and is lost from the soil. 
Some of these harmful denitrifying bacteria are most active in soil 
which is poorly drained and therefore not well aerated. Large quantities 
of unfermented organic matter encourage the denitrification process. 
Accordingly, very heavy dressing of soil with unrotted manure is in 
general to be avoided. 

Carten dhnida from 



Fia. 297. — Carbon cycle diagram, showing the principal sources of the carbon dioxide 
of the atmosphere and the principal changes which it may undergo in organisms. 


The Carbon Cycle and the Nitrogen Cycle. — We have repeatedly 
referred to the fact that autophytic plants build up the simple inorganic 
substances, water, carbon dioxide, and salts containing calcium, potas- 
sium, magnesium, iron, sulphur, nitrogen, and phosphorus, into rela- 
tively complex organic substances which constitute the food not only 
of these green plants but also of all animals and heterophytic plants. 
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These organic substances are broken down again in the destructive 
processes (notably respiration) which go on in all living organisms. In 
the dead bodies of plants and animals and in the excretions of animals 
there are large quantities of carbon, nitrogen, and the other essential 



Fig. 298.— Nitrogen cycle cliagnim, showing the principal changes in form which 
nitrogen may undergo m organisms. 


elements (in the form of organic compounds), which are not available 
for the use of green plants. If it were not for the bacteria and other 
fungi which bring about the fermentation of proteins, carbohydrates, 
and fats, these essential elements would remain permanently locked 
up in dead organisms and animal excretions. In time so much carbon 
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and" nitrogen would be removed from '' circulation as the result of 
this hoarding ” of the natural supply, that autophytic plants could no 
longer live and therefore all other organisms would soon succumb. 

Fortunately for the continuance of life on the globe, various bac- 
teria and other fungi can ‘‘ unlock the organic compounds of dead 
plants and animals and of the excretions of animals and convert the 
essential elements into forms in which they can be used again as raw 
material for food manufacture by autophytic plants. Thus it is that 
these elements pass repeatedly through a cycle in which they are first 
converted from simple to complex compounds and then returned to the 
simple form by respiration, or by fermentation by bacteria and other 
fungi. If we could trace the history of any nitrogen or carbon atom, 
for instance, we might find that it had been part of hundreds of different 
organisms in succession; that it had literally “ transmigrated ” from 
an oak, to a bacterium, to a wheat plant, to a man, and thus through 
innumerable changes throughout the ages since life first appeared upon 
the earth. The principal changes which carbon and nitrogen may 
undergo in the course of the carbon and nitrogen cycles are graphically 
shown in the accompanying diagrams (Figs. 297 and 298). 


MYXOMYCETES OR SLIME FUNGI 

Characteristics of the Myxomycetes. — In the Myxomycetes there 
seems to be a combination of animal and plant characteristics, and on 
this account these organisms have engaged the interest of both botanists 
and zoologists. During the vegetative part of thenr existence these 
plants consist of multinucleate masses of naked protoplasm, and are 
capable of amoeboid movement (movement by flowing of living sub- 
stance), and of engulfing solid food particles. These characteristics 
— absence of cell walls, locomotion by streaming of protoplasm, and 
ability to take solid food particles into the protoplasm — are generally 
considered to be animal characteristics. In their reproduction, how- 
ever, the Myxomycetes are more like certain plants (some kinds of 
fungi) than they are like any animals, and their spores have cellulose 
walls, another plant characteristic. With the exception of two or 
three parasitic genera, they are all saprophytes, securing their food 
from the decaying leaves and twigs and rotting wood of moist habitats, 
mostly in the forests. Because of their delicate structure and occa- 
sionally brilliant coloring, many of the Myxomycetes are of remarkable 
beauty. 

Life History of Typical M3rxomycetes. — One of the most widespread 
and common genera of Myxomycetes is StemonitiSy which we shall use 
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as a type of the class. In the ordinary vegetative condition the plant 
consists of a slimy mass of protoplasm, termed a plasmodium (plural, 
plasmodia). There are no walls surrounding the plasmodium, and the 
numerous nuclei are distributed throughout the general cytoplasm 
without separating walls. The protoplasm exhibits a streaming motion 
and creeps about over the surface of the substratum by extending and 
withdrawing portions of its body. These arm-like processes are called 
pseudopodia (singular, pseudopodium). The plasmodium is sensitive, 
to light and, while in its vegetative state, avoids strong light, creeping 
about on the surface of logs and among decaying leaves and sticks in 



Fig. 209. — Myxomycctos. A-B. Comxilricha nigra; A, group of sporangia, natural 
sizn; B, a single sporangium enlarged showing the stalk and the net-like capil- 
litium. C-Ej Ste7?w7iitis fusca; C, sporangia, natural size; D, a single sporangium 
enlarged showing the stalk and capillitium; Ey portion of capillitium and spores. 
F-Ify Enerthema papillaium; F, unripe sporangium; Gy mature spiorangium; 
Hy capillitium. (C, /), after Harshberger. Ay F, Gy Hy after Rostafinski; 
By E, after de Bary; all from Harshberger’s Mycology and Plant Pathology.) 

moist and shady places. Just before the reproductive stage begins it 
moves from the shade and into drier, more elevated and more highly 
lighted places. 

After a while locomotion ceases, and then spore-containing stnictures 
(sporangia) are developed cither singly or in groups. A typical spo- 
rangium, such as occurs in Stemonitis and Arajria, consists of an enlarged 
upper portion in which the spores are formed and a slender stalk which 
is attached to the substratum. The sporangium is covered with a 
hardened envelop, termed the peridium. The internal protoplasm of 
the sporangium usually differentiates into the following: (1) spores, 
each of which is uninucleate and surrounded by a cellulose wall, and 
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(2) capillitium, consisting of simple or branching tubes or threads. The 
spores are enmeshed in the network of the capillitium, which is hygro- 
scopic and by its movement discharges the spores after the drying 

and breaking of the 
peridium. The spores 
are then dispersed by 
the wind. In the ger- 
mination of the spore, 
for which abundant 
water is essential, the 
wall is ruptured and 
the contents escape as 
a naked amoeboid pro- 
toplast. Later it devel- 
ops a single flagellum 
or cilium, by the motion 
of which the body is 
propelled a])out in the 
water. These ciliated 
motile protoplasts mul- 
tiply rapidly by divi- 
sion. After a time each 
loses its cilium, becomes 
amoeboid and may multiply by fission to form more ciliated cells. 
Presently these uninucleate cells come together in pairs and fuse to 
form zygotes. Nuclear fusions occur in the zygote. These zygotes then 
coalesce in large numbers to form a plasinodium. 

The stages in the life history of a typical myxomycete may be 
summarized as follows: plasmodium — sporangium — spores — amoeboid 
uninucleate protoplasts — ciliated stage multiplying by fission — fusion of 
gametes to form zygotes — coalescence — plasmodium. 

PHYCOMYCETES 

Characteristics. — To this group belong such common fungi as the 
water molds, the mold which causes the well-known white rust of 
mustards, common bread mold, and the downy mildews. This group 
of fungi is called the Phycomycctes (alga-like fungi) because of the close 
resemblance which they show to certain algae (1) in the structure of the 
filaments (hyphae) which make up the plant body, and (2) in their 
method of reproduction. The hyphae are, like the filaments of Vauche- 
ria, coenocytic, that is filaments without cross walls except where the 



Fig. 300. — A myxomycete plasmodium in the active, 
vegetative condition, creeping over the end of a log. 
(From a photograph by n illiam Crowder in the 
National Geographic Magazine. Reproduced by 
permission.) 
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reproductive organs are cut o£f. The absence of cross walls in the 
hyphae is characteristic, and by this vegetative feature they can usually, 
be distinguished from the sac-fungi (Ascomycetes), and the basidium- 
fungi (Basidiomycetes), both of which groups have septate hyphae. 

Two main groups of Phycomycetes are recognized, the Oomycetes 
and the Zygomycetes. The principal orders of each arc given below, 
together with a few representative genera. 

I. Oomycetes. — Heterogamous; zoospores produced by most forms; 
generally aquatic. The principal groups are: 

(a) Saprolcgjiialcs. — The members of this group are commonly 
called water molds. Many of these occur in ponds and 
streams on the dead bodies of insects, and on other organic 
matter. Several species attack fish, producing a serious 
disease. A representative group in this order is the genus 
Saprolegnia, which contains many species. 

(h) Pcroiosporales. — This is a large group of parasitic forms which 
includes Albugo and the downy mildews {Plasmopara, Perono- 
spora, Phylophthora, and other genera). One species, 
Pythium de Baryanunij is one of many fungi which may 
cause the common disease of seedlings known as damping off. 


11. Zygomycetes. — Isogamous; no zoospores; mostly aerial forms. 
The principal groups are: 

(а) Mucorales. — Some of these are the black molds, and are mostly 

saprophytic. Common bread mold, Rhizopus nigricans^ is 
the best-known representative. 

(б) Entomophthorales. — The members of this group are parasitic on 

insects. 


SAPROLEGNIA (WATER MOLD) 

Most of the species of Saprolegnia are saprophytes. These sapro- 
phytic species are common in streams and ponds on the bodies of dead 
insects and crustaceans and other decaying organic matter. A few 
species are parasitic and attack living fish or fish eggs, being particularly 
destructive when they infest the eggs and young fish in the hatcheries. 
Water molds may (easily be obtained for study by placing dead flies in 
stagnant water. Within a few days, the insects generally become sur- 
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rounded by a whitish growth of SaproUgnia or some other member of 
the family to which it belongs. 

The Plant Body. — The plant body consists of numerous branched 
filaments or hyphae which are coenocytic in structure. These nonsep- 
tate, multinucleate hyphae penetrate the substratum (material upon 
which they live) and absorb organic substances which are used as food 
and which make possible the growth of hyphae. 

Asexual Reproduction. — After a period of vegetative activity, 
hyphae grow out to the surface of the substratum and protrude into the 
surrounding medium. Some of these filaments become swollen at the 
tip, and cross walls arc formed, separating the swollen portions from 



Fig. 301. — Growth of SaproUgnia on a bit of dead organic matter. 


the rest of the hyphae. This terminal structure becomes a sporangium, 
its contents dividing up into a large nuinlier of zoospores, each having 
a single nucleus and two cilia borne at one end. After escaping through 
a terminal pore, they swim about in the watc^r for a time, come to 
rest, withdraw their cilia, and form a wall. Later, each one of these 
produces a single zoospore with two cilia attached laterally, which 
swims about in the water and, if it comes to n^st on suitable material, 
sends out tubular outgrowths which penetrate and infect this new 
material. It is not clear what is the significance of the formation of the 
two different zoospore stages in the life history of Saprolegnia, The 
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asexual method of reproduction in Saprolegnia resembles somewhat that 
in Vaucheria. In both genera, the sporangia develop as terminal cells. 
It will be recalled that in Vaucheria a single multinucleate and multi- 


ciliate zoospore is produced in each spor- 
angium and that the cilia occur in pairs, 
with a single nucleus near the base of 
each pair. In Vaucheria^ however, the 
protoplasm of tlic sporangium does not 
break up into numerous separate zoo- 
spores, as it does in Saprolegnia^ nor is 
there a second formation of zoospores. 

Sexual Reproduction. — The gametangia 
of Saprolegnia also resemble those of Vau- 
cheria. The female gametangia (oogonia) 
may be borne either at the ends or on the 
sides of hyphal branches. Each female game- 
tangium is a spherical structure, the contents 
of which form one or more eggs. Male game- 
tangia (anthoridia) arise on branches near 
th(i oogonia. They are tubular in form and 
curve so that they come in contact with the 
female gametangia. A slender tube is then 
sent out which penetrates the wall of the fe- 
male gametaiigium. A tube may be s('nt 
out to each egg. The contents of the male 
gametangium consist of several non-motile 
male gametes. These arc discharged into 



Ihe egg, and fertilization takes place, after 
which the (^ggs form thick-walled zygotes 
which upon germination form new hyphae 
directly. 

In many cases, the eggs develop into new 
hyphae without fusion with the male gam- 
ete, It will be recalled that such develop- 
ment of a gamete without fertilization (par- 
thenogenesis) sometimes occurs in Ulothrix 
and it is not infrequent in Spirogyra. This 


Fig. 302 . — Saprolegnia show- 
ing asexual reproduction. 

A, a mature zoosporangium 
a short time before the 
liberation of the spores. 

B, a zoosporangium dis- 
charging zoospores which 
have terminal cilia. G, 
several of these zoospores 
which have become en- 
cysted; also two of the 
laterally biciliatc zoospores 
which develop from the 
encysted zoospores. 


phonomenon is occasionally met with in all tjie great groups of 


plants in which sexual reproduction takes place. 
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ALBUGO CANDIDA 

Another representative of the Oomycetes is Albugo Candida, which 
belongs to the order Peronosporales. It is a parasite, attacking mem- 
bers of the mustard family (Cruciferae) and causing a disease known as 
white rust. The principal symptoms of the disease are distortions and 
enlargements of the flower clusters and fruits, and the development of 
porcelain-white blotches or blisters on the leaves and stems. 

The Plant Body. — 
The mycelium is com- 
posed of non-septate 
hypha which penetrate 
the tissues of the host, 
occupying intt^rcellular 
spaces. The hyphae 
send out small, slender, 
lateral pro j ections called 
haustoria, which pene- 
trate the cell walls, 
entfjr the cells, become 
swollen at the tip, and 
act as absorbing organs. 

Asexual Reproduc- 
tion. — (Se(; Figs. 305 
and 306, A.) At cer- 
tain points on th(' stem 
or leaves of the host, 
hyphae develop in great 
abundance just below the epidermis. They give rise to num(irous, 
erect, spore bearing branches (sporangiophores) at the tips of which 
chains of sporangia are cut off. The growth of the sporangiophores 
and sporangia finally ruptures the epidermis, the sporangia breaking 
off easily and being dispersed by the wind. Each sporangium is multi- 
nucleate. In the film of water which may occur on the surface of the 
host, the protoplasmic contents of the sporangium divide into num- 
erous laterally biciliate zoospores. These escape, swim about for a 
while, and then come to rest and develop a germ tube which is cap- 
able of penetrating the host and starting a new mycelium. 

Sexual Reproduction. — (See Fig. 306.) The female gametangia and 
male gametangia develop on separate hyphae within the intercellular 
spaces of the host tissue. Within the female gamctangium there are 
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numerous nuclei, but one of these occupies the center of the female 
gametangium and is surrounded by a broad zone of cytoplasm which is 
somewhat differentiated from the multinucleate protoplasm lying out- 
side of it. The central nucleus and the zone of cytoplasm around it 
constitute the female gamete. 

The male gametangium is an elongated cell and, like the female 
gametangium, is multinucleate. It comes in contact With the oogonial 
walls, and sends out a fertilizing tube which penetrates the wall and the 



Fio. 304. — White rust [Albugo Candida) on shepherd’s purse. Note the porcelain- 
'white blotclu's on the stems and fruits, and the distortions and enlargements 
of these jiarts. 


outer multinucleate layer of the protoplasm of the female gametangium. 
Through this tube, one or more male nuclei pass, one of which unites 
with the egg nuclt'us. The fertilized egg nucleus, together with the sur- 
rounding cytoplasm, constitutes the zygote, which develops a heavy 
wall about itself and is later set free by the decay of the host tissue in 
which it is embedded. These zygotes are resting bodies, and a period 
of rest is necessary before they are capable of germination, On germi- 
nation, the zygote gives rise to many zoospores. 
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Fig. 305 . — Cross section of loaf of shepherd’s purse (Capselhi) parasitized by “white 
rust" of crucifers {Albugo Candida) vLiid showing the hyphae with their knol^-like 
haustoria, the erect sporangiophores, and rnuK inucleate sporangia. Note that by 
growth of the sporangiophori‘S and sporangia the ejiidiTinis is being torn from the 
underlying mesophyll. (Redrawn from Chamberlain.) 


THE DOWNY MILDEWS 

The downy mildews are characterized by the development of sporan- 
giophores on the surface of the host rather than lieneath the epidermis 
as in AlbugOj and by the fact that the sporangia an^ borne singly, rather 
than in chains. Female and male garnetangia are often produced, and 
the zygote, when it germinates, may form a germ tube directly, or give 
rise to zoospores. There are three common genera in the family, which 
cause diseases known popularly as downy mildcw.s.^^ These are 
Phytophthora^ Plasmoparay and Peronospora. Phytophthora infestans is 
the cause of the well-known potato disease known as late blight.” It 
is of interest to note that the serious famine in Ireland in 1845 was 
largely due to the failure of the potato crop resulting from the attacks 
of this fungus. The mycelium is found in the tissue of leaves, stems, 
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Fia. 306. — White rust of crucifers” {Albugo Candida). /I, showing development of 
sporangia. By fertilization. 



Fig. 307. — “White rust” of crucifers {Albugo Candida). Ay sporangium, the proto- 
plasmic contents of which have divided preparatory to zoospore formation. 
By zoospores, with cilia not yet extended, escaping from sporangium. C, ger- 
minating zygote discharging the numerous zoopores which for a time are sur- 
rounded by a membrane. (C, redrawn from de Bary.) 
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Fig. 308. — Downy mildew (Plasmopara viiicola) of the grape. (After Dept of 
Plant Pathology, Cornell University, from Owens’ Principles oj Plant Pathology.) 


and tubers and causes a wilting or blighting of the leaves and a rot of 
the tubers. The sporangiophorcs which emerge through the stomata 
are branched, and at the tip of each branch a single sporangium, is 
borne. The sporangium generally germinates directly, but under cer- 
tain conditions its protoplasmic contents break up into zoospores. The 
disease spreads rapidly from plant to plant by means of the sporangia, 
which are carried by the wind, and its progress may be so rapid as to 
devastate extended areas within a few days. 

Pkismopara species are responsible for downy mildews of the grape 
(Plasmopara viticola) (Fig. 308) and of the cucumber (Plasmopara 
cubensis). As in Phytophthora, the sporangiophorcs issue from the 
stomata and bear singly at the branch tips sporangia, each of which give 
rise to several laterally biciliate zoospores. However, in this genus the 
contents of a sporangium may develop a germ tube directly. 
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Fig. 309. — Downy mildew of the grape (Plasmopara viticola). At the left a young 

cluster of Concord grapes affected with the disease. At the right a healthy cluster. 

(From Hein, in Circular of the Insect Pest and Plant Disease Bureau of Nebraska.) 

In the genus Peronos'pora^ the sporangium does not produce zoo- 
spores but upon germination develops a mycelium directly. Onion 
mildew, caused by Peronospora schleidenianay is a disease of consid- 
erable consequence in this country. 

RHIZOPUS NIGRICANS (BREAD MOLD) 

This is the best-known representative of the Zygomycetes. It is 
very commonly found growing on stale bread, decaying fruit and vege- 
tables, and other organic materials left exposed to the air in moist places. 
Rhizopus spores are almost always present in the atmosphere except 
just after a heavy rain or snow storm when the air is almost free of 
bacteria and fungus spores. 

If a piece of bread which has been moistened and exposed to the air 
is kept at a moderate temperature for a day or two in a closed dish or 
under a bell jar there generally develops upon it a mass of whitish 
mycelium. The hyphae of which this mycelium is made up develop 
from spores which settled from the air upon the bread and, finding there 
a suitable substratum, germinated. 
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The Plant Body. — The mycelium of bread mold consists of profusely 
branching coenocytic hyphae. These grow upon and within the sub- 



Fig. 310. — Photograph of Rhizopus mgrtcans growing on broad, showing mycelium 
and sporangiophores hearing sporangia. From a photograph by C. T. Gregory 
in The Nature Magazine. 


stratum which supplies the necessary food. Certain hyphae, called 
stolons, of larger diameter than those which an' formed within the 



substratum, grow just above its surface for a short distance, and then 
come into contact again with the substratum. At the point of contact 
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there is produced a cluster of branches which penetrate the material 
upon which the fungus is growing and constitute a holdfast. Later 
there arise at this point a number of erect branches upon which the 
sporangia are produced. From the base of these another stolon grows 
out, and this in turn comes into contact with the substratum and 



.y furrows 



ColumeUa 



Fig. 312. — Stages in the development of the sporangia and in the formation of the 
spores of Hhizopus nigricans (black bread mold) as seen in longitudinal sections. 
A and B show the enlargement of the free end of a sporangiophore to form the 
sporangium. (\ D and F show the formation of the columella, and of the spores 
by furrowing of the cytoplasm between the columella and the sporangium wall. 
E shows in greater detail a small portion of the protoplasm of the sporangium 
represent'd in C. (Hedrawn from D. B. Swingle’s paper, Bureau of Plant 
Industry, Bulletin No. 37.) 


another holdfast and group of erect hyphae are formed. This may be 
repeated many times. The behavior of these horizontal hyphae sug- 
gests somewhat the formation and rooting of the runners or stolons of 
strawberries and other stolon-bearing plants, and on that account this 
fungus once bore the specific name stolonifer (stolon bearing). 
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Asexual Reproduction. — The erect hyphae arising at the points of 
attachment of the stolons grow away from the substratum and the tip 
of each of these develops into a globular sporangium. Hence such 
hyphae are called sporangiophores (sporangium-bearers) . Several 
stages in the development of a sporangium are shown in Fig. 312. 

As the sporangium commences its development, the tip of the 
sporangiophore begins to swell and in this region the protoplasm becomes 
more dense and the nuclei more numerous than toward the base. Grad- 
ually the protoplasmic contents of the swollen tip increase in density 
toward the periphery, whereas the central portion remains less dense 
and vacuolate. Finally a cleft is formed between the denser, peripheral 
protoplasm and the central protoplasm, and at this cleft a wall is con- 
structed which separates the two re- 
gions. This dome-shaped wall is called 
the columella. 

During the development of the col- 
umella, the dense peripheral protoplasm 
breaks up into numerous angular masses, 
('ach containing several nuclei and sur- 
rounded by a cylioplasmic membrane. 
Each one of these multinucleate masses 
becomes rounded off and surrounded by 
a thick, black, cellulose wall, and devel- 
ops into a spore. The sporangium wall 
finally becomes mucilaginous, so that 
it readily dissolves in the presence of 
water, and the numerous spores are set 
free. It is known that these spores will 
retain their vitality for many years in a 
dry state. On the other hand, they are 
capable of immediate germination, if they fall upon a suitable substratum. 

Sexual Reproduction. — Sexual reproduction occurs under certain 
conditions, later to be described. In this process, pairs of club-shaped 
hyphal branches are formed which come into contact at their tips. 
(See Fig. 314.) The mass of dense protoplasm in the tip of each of these 
branches is cut off by a cross wall. The enclosed compartments thus 
formed are the gametangia and the multinucleate protoplasm enclosed 
in each is a coenogamete. Following a dissolution of the walls of the 
gametangia at the point of contact, the two adjoining coenogametes 
fuse. The zygote thus formed develops a thick black wall about itself, 
and after a resting period may germinate and send out an erect hypha, 
at the tip of which a sporangium containing asexual spores is formed. 



Fig. 313. — Rhizopus nigricans 
(common black mold). Jl, Col- 
umella of sporangium after the 
breaking of the s])orangium wall. 
By mature .spores (highly mag- 
nified and showing characteristic 
sculpturing of wall). 
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It very often happens that no zygotes make their appearance in Rhizopua cultures 
even though the growth of mycelium is luxuriant, the production of asexual spores 
abundant, and the cultures apparently normal in every respect except for the absence 
of any indications of sexual reproduction. In such cases no change in the sub- 
stratum, or in the conditions under which the fungus grows, will induce zygote 
formation. In certain localities zygotes may not be found in Rhizopua cultures 
prepared over a period of many years, wliile in other localities they are formed in 
every culture. 

The reason for this peculiar condition has been made clear by the investigations 
of the American botanist, Blakeslce. He has shown that there are two strains or races 
of Rhizopua nigricans, the only conspicuous difference between the two being that 



Fig. 314. — Bread mold {Rhizopua nigricans), showing stages in the formation of the 

zygospore. 


one strain (whic.h he calls the “ + strain ”) grows somewhat more vigorously than 
the other (the “ — strain ”). Sexual reproduction never takes place unless these two 
strains grow together in the same culture, for hyphae of the “ minus ” strain can not 
conjugate with other hyphae of the same strain, nor can hyphae of the “ plus ” strain 
conjugate with other “ plus ” hyphae. In some localities only one of the strains 
seems to be present and persists by reason of the production of asexual spores, but 
in such localities, zygotes will never be formed unless the strain which is lacking 
is introduced from some other place. 

We have to do here with a slight sexual differentiation, scarcely recognizable 
externally but clearly apparent from the behavior of the two strains. There are 
some other molds which resemble Rhizopua in this respect. All such species are 
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said to be heterothallic. In the ca,se of such molds, opposite strains of different 
species may conjugate incompletely but without zygote formation (Fig. 315). 

The zygotes of heterothallic species contain nuclear material from both strains. 
However, it has been found in certain heterothallic species that the two strains are 
segregated sometime before the formation of the asexual spores in the sporangium 
to which each zygote gives rise when it germinates. Accordingly there are two 



Fig. 315. — Petri dish culture of two species of mold (Me and Mv)j showing their 
behavior wfien two difffirent strains of the same species grow together and when 
strains of two different species grow together. When a. favorable substratum 
(such as nutrient agar-agar jelly or moist bread) is inoculated at one place with 
spores of the minus strain Mc( — ) of a mold and at another jilace with spores 
of the plus strain 3/r(-f ) of the same mold the myceha of the two strains will 
grow outward from the points of inoculation over the surface of the substratum 
and will finally come into contact. Soon a black line will afifiear where the 
growths of the two strains have come into contact, this line resulting from 
formation of zygotes where the hyphae of the two strains have conjugated. 
If the two inoculations had been made, not with plus and minus strains of the 
species, but with one strain Mc( — ) or Mc(+) of one speciiis and with the 
opposite strain Mv(+) or Mc( — ), respectively, of some other mold there gener- 
ally appears a distinct white line resulting from incomplete conjugation (without 
zygospore formation) between the opposite strains of the two different molds. 
Clearly in the case of a heterothallic mold of which only one strain is known, it is 
possible by growing it with both strains of another mold to determine whether 
it is the “plus” or “minus” strain. (After Blakeslee from Gager.) 


kinds of asexual spores, those which, when they germinate, will give rise to plants 
of the minus strain and those which on germination give rise to the plus strain. 
In the case of Rhizopas none of these spores develop into plants combining the 
characters of two strains. There are many molds related to Rhizopus which form 
zygotes by the conjugation of hyphae of the same mycelium. These are spoken of 
as homothallic. 
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.Sporangium 


PHYCOMYCETES— A SUMMARY 

1. The group includes both parasitic and saprophytic forms. There 
are parasitic species which attack animals and others which attack 
plants. Various kinds of organic matter 
furnish a suitable food supply for the 
saprophytic forms. 

2. The hyphae are characteristically 
coenocytic and non-septate. 

3. Asexual reproduction (a) by means 
of sporangia which produce motile spores 
(Albugo and usually the downy mildews); 

(b) by non-motile spores (as in Rhizopus) ; 
or (c) by zoospores (in Saprolegma) . Spo- 
rangia arise by abstriction and either occur 
in chains as in Albugo or singly at the tip 
of hyphal branches as in the downy 
mildews. 

4. The gametes may be structurally 
similar, as in the Zygomycetes; or unlike 
as in the Oomycetes. 

5. In the Phycomycet('s a transition is 

noted from the aquatic to the terrestrial 

habit. The Oomycetevs are chiefly aquatic, Fig. 316 .— ^anRiophore and 

or at least at sonic portion of their life are sporangium of Rhizopus devel- 
I , , if T I .1 oped from zygote: note wall of 

d(‘pendent upon wat(T tor spore distribu- zygote. 

tion, on account of the development of motile spores (zoospores), whereas 

the Zygomycetes are principally aerial and produce non-motile spores. 

6. The co(*iiocytic hyphae and the form of the sporangia and game- 
tangia in the Oomycetes strongly suggest a relationship between the 
Phycomycetes and such forms as the green alga Vaucheria. 



Germinating 

Zygote 


ASCOMYCETES 

Characteristics of the Group. — The Ascomycetes is the largest group 
of the fungi and includes a great variety of forms, over 37,000 in all, 
many of which cause diseases of economic plants. 

The one outstanding characteristic of the group, and the one that 
suggested the name Ascomycetes, is the formation, somewhere in the life 
history, of spore sjics called asci (singular ascus) within each of which 
are produced a number of spores (generally eight) called ascospores. 
In addition to ascospores, conidiospores are also produced hy many 
Ascomycetes. The hyphae of Ascomycetes differ from the coenocytic 
hyphae of the Phycomycetes in being septate, that is, divided by trav- 
erse walls into cells, each of which may contain one or more nuclei. 




fiG. 318 . — Exoascus deformans. Section of peach leaf showing layer of asci on the 
surface. (After Owens, from Principles of Plant Pathology.) 
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In Exoascus, which is parasitic on plums, peaches, and other related 
plants, causing a leaf curl and enlarged hollow fruits, the asci are not 
enclosed but are produced at the surface of the infected organ (Fig. 318). 
In most Ascomycetes the asci are produced in special, often large and 
fleshy, fruiting bodies, called ascocarps. In Peziza and Sclerotinia, 
and many other genera the asci are borne in a cup-shaped or saucer- 
shaped ascocarp, which is called an apothecium. In the powdery 



Fig. 319. — A cluster of ripening peaches attacked by brown-rot (Sclerotinia), (After 
Barss, from Owens’ Principles of Plant Pathology.) 

mildews, the asci are formed within a more or less spherical ascocarp, 
called a perithecium, which is entirely closed. .Thus ascocarps are 
either apothecia or perithecia. 

In addition to many important parasitic Ascomycetes causing plant 
diseases, the group also includes such non-parasitic forms of economic 
importance as the blue and green molds, so common on preserves and 
decaying fruit, the yeasts and the truffles. 
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PEZIZA 

One of the most common saprophytic Ascomycetes is Peziza, which 
belongs to one of the largest groups of the ascus fungi, in which the 
asci are borne in apothecia. 

Plant Body. — The mycelium of the various species of Peziza gener- 
ally grows in soils very rich in organic matter or in decaying wood. 
There arises from the mycelium a conspicuous apothecium which some- 
times has a brightly colored lining. In one species, Peziza coccinea, 



Fio. 320. — Apothecia of the brown-rot fungus (Sclerotinia cinerea) arising from 
prune “mummies." (After Barss, from Owens’ Principles of Plant Pathology.) 

the inside surface of the cup is bright red. A section through the 
h3mienium (tissue lining the interior of the cup) shows numerous 
cylindrical asci each containing eight ascospores, and intcmiixod with 
the asci numerous sterile branches or hyphac known as paraphyses. 
The asci and paraphyses are perpendicular to the surface of the hyme- 
nium and parallel to each other. In such forms as Peziza and Pyronema 
the spores are discharged from the asci in great numbers and scattered 
over considerable distances by air movements. 

Reproduction. — Although no gametangia have been found in Pezizay 
they have been discovered and carefully studied in the closely related 
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Fia. 321. — Apothecia of Peziza sylvestris. (After Scaver.) 


form, Pyronema. In this the mycelium gives rise to female and male 
gametangia which are produced in close proximity. The female garne- 
tangium (sometimes called an ascogonium in this group) consists of 
a globular cell with a long tubular outgrowth, 
the trichog)me, which resembles the trichogyne 
of certain red algae. The female garnetangium 
is multinucleate. The male garnetangium is 
a cylindrical terminal cell, also multinucleate, 
which aris(^s below the h'lnale garnetangium. 

The tubular trichogyne curves toward the male 
gametangium and their tips come together; 
the intervening walls are broken down and 
the contents of the male gametangium move 
into the trichogyne and downward into the 
female gametangium. A union of male and 
female coenogametes ensues. In the female 
gametangium, the male and female nuclei 
come together in pairs, although there is yet 
no fusion. The fertihzed female gametangium 
sends out a number of hyphae into each of Fig. 322 . — The mature spo- 
which pairs ot nuclei migrate. Then the 
hyphae are divided by cross walls into a vary- u^a. 
ing number of compartments, in the apical one 

of which (destined to become an ascus) only one pair of nuclei occurs. 
These two nuclei now fuse, in which process there is, according to 
some investigators, a doubling of the chromosome number. Then there 
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follow three successive divisions of the fusion nucleus to form eight 
daughter nuclei, each of which becomes the nucleus of an ascospore. One 
of the above divisions is a reduction division. The asci are intermingled 
with paraphyses which arise from beneath the female gametangium. 
Other sterile hyphae form the cup-shaped ascocarp. 

POWDERY MILDEWS 

The powdery mildews belong to a large family of Ascomycetes, all 
of which are strictly parasitic and produce their mycelium on the 



Fig. 323. — Powdery mildew (Vncinula salids) on willow (Salix) leaf. (After Owens, 
from Principles of Plant Pathology.) 


surface of the host. The hyphae boar haustoria branches, which pene- 
trate the host cells. Asexual spores of the conidial type, that is, formed 
by successive constrictions of a hyphal branch, are produced and asci 
are also developed in perithecia. 

The conidiospores are produced in chains on the surface of the host, 
often in such tremendous numbers as to give a mealy or powdery 
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Fig. 324. — Haiistoria of (>t) a powdery mildew fungus (Erysiphe grarninis) and (B) a 
downy mildew fungus {PeronospoTa). {A redrawn from C. C. Curtis, B from 
Smith.) 



Fig. 325. — Fruiting stages of various genera of powdery mildew fungi. perithe 
cium of Microsvhaera from lilac leaf; B, perithecium of Sphaerotheca from goose- 
berry; C, peritnecium of Undnula from willow; Z>, perithecium of PhyUactinia 
from dogwood; E, conidial stage of a powdery mildew fungus growing on red 
clover. CAfter Owens, from Principles of Plant Pathology,) 
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appearance to the diseased structures and to suggest the name powdery 
mildew.” The conidiospores may germinate immediately after they 
are shed and thus the disease may spread rapidly from plant to plant. 

Following the production of conidiospores the mycelium may form 
perithecia which are developed on the surface of the host plant. When 
mature they may be seen with the naked eye as black specks in a 
cobwebby mycelial growth. 

Stages in the development of the perithecia are shown in Fig. 326. Two adjacent 
hyphae give rise to erect branches, which are unequal in size. A tip cell containing 
a single nucleus is cut off by a cross wall in each branch. The apical cell of the 
larger branch is the female gametangium, and that of the smaller branch is the 
male gametangium. These gametangia come in contact, there is a dissolution of a 
part of the wall separating the two, and the nucleus of the male gametangium 
enters the female gametangium and fuses wdth its nucleus. From the fertilized 
female gametangium there are formed more or less indirectly one or more asci. 
Sterile hyphae growing out from a cell beneath the female gametangium finally 
completely surround the ascus or asci to form a characteristic perithecium. 

In some powdery mildews, such as Sphaerotheca and Podosphaera, 
a single ascus is borne in each perithecium; in others, as Erysiphe, 
Microsphaera^ Uncinula and Phyllaciinia, the perithecia contain 
more than one ascus. The perithecium often bears characteristic appen- 
dages, which are uscid as a basis for classification in this group. For 
example, in the genera Sphaerotheca and Erysipltc^ the appendages are 
simple, flexuous and undivided at the tip; in Podosphaera and Micro- 
sphaera, they arc dichotomously brancht'd; in Uncinula^ they an) 
spirally rolled at the tip; and in Phijllaciiniaj they are swollen at the 
base. 


BLUE AND GREEN MOLDS 

These are well-known saprophytic ascomycctes found on a great 
variety of substances. Aspergillus and Penicillium are the two most 
common genera, and each has a number of species. Aspergillus species 
occur on decaying vegetables of all sorts, on moldy cereals, on jellies, 
old leather, paper, ensilage, etc. The mycelium produced is prolific 
and spores arise in tremendous numbers. Spores are developed on 
conidiophores, and arise by abstriction of terminal branches. The 
characteristic color of the mold appears when the conidiospores develop; 
in the different species there are various shades of green, brown, yellow, 
and red. The conidiospores, which arc carried by air currents, and 
when in abundance impart a characteristic moldy odor to the atmos- 
phere, are capable of immediate germination if they fall upon a suitable 
substratum. 
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Of the numerous species of Aspergillus, perithecia are known in 
only a few. The perithecium develops from two short hyphae which 
are spirally coiled about each other. Each of these hyphae consists of 
several cells. One of the hyphae is regarded as the female gametangium ; 
and the other as the male gametangium. The fusion cell formed after 
a dissolution of the separating walls gives rise to hyphae which bear asci, 
each of which contains eight ascospores. The ascus-bcaring hyphae 





Fig. 32G. — Stages in the development of a perithecium of a powdery mildew. A, 
antheridial and oogonial branches in contact. In li the antheridiiim and 
oogonium an* cut off from the tips of the branches; C, movement of antheri- 
dial nucleus toward nucleus of oogonium; Z), union of male and female nuclei, 
Ey fertilized oogonium surrounded by hyphae derived from a cell just below 
the oogonium (stalk cell); multicellular ascogonium; As, cell which gives rise 
to the ascus, (Redrawn from Harper.) 


become surrounded by other much branched, sterile hyphae which 
completely enclose them and form a perithecial wall. 

Penicillium is th(j common blue mold on bread, cheese, lemons, 
etc. The conidiophores are branched, each branch bearing a chain 
of conidiospores. Sexual reproduction has been observed in several 
species of Penicillium, the process being very similar to that of 
Aspergillus. 




YEASTS 


431 


Several species of Penicillium are of importance in the manufacture 
of certain kinds of cheese. For example Penicillium Roqueforti is the 
active agent in the ripening of Roquefort, Gorgonzola, and Stilton 
cheeses, and Penicillium Camemberti of Camembert cheese. 


YEASTS 

The position which the yeasts occupy in relation to other plants 
has long been a subject of debate. Usually, however, they are included 
with the Ascomycetes because of their production, under certain condi- 
tions, of structures which somewhat resemble asci. 

The beer, cider and wine yeasts are included in the genus Saccharo- 
mijceSj which has a number of species. Saccharomijccs cerevisiae is by 


far the most important spe- 
cies, being the one employed 
in beer-brewing and bread- 
making. 

Yeast cells may remain 
attached to form a short chain 
but they do not produce a 
true mycelium. The cells are 
usually egg-shaped or spherical 
and each cell is surrounded by 
a well-defined wall. Within 
the yeast cell may be discerned 
the nucleus, oil globules and 
vacuoles. One of the chief 
characteristics of the yeasts is 
their method of vegetative 
reproduction by budding.” 
In this process, a portion of 
th(^ protoplasm of a cell forms 
a lateral outgrowth (bud) sur- 
rounded by a cell wall which 
finally may separate to form a 
a new individual. 



Fig. 328. — Yeast (Saccharomyces cerevisiae). 
Ay single cell highly magnitied. B, cell in 
process of budding. C, chain of cells 
fonned as result of rapid budding and 
growth. Dy formation of ascospores. E, 
germination of ascospore and the develop- 
ment of new plants by budding. (Redrawn 
from Curtis.) 


Ascospores are produced only when there is an abundance of oxygen. 
In the production of ascospores the cell nucleus divides into several 
daughter nuclei, each one of which becomes the center of a spore lying 
within the original cell. The number of spores developed in a single 
yeast cell varies, but it is usually four. On disintegration of the wall of 
the original cell, the spores are liberated, and under proper conditions 
produce new yeast plants. 
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Fermentation. — The most important property of yeasts is their 
ability to cause alcoholic fermentation. The yeast cells absorb sugar, 
and within the protoplast this sugar is decomposed with the formation of 
carbon dioxide and ethyl alcohol. The sugars susceptible of alcoholic 
fermentation by yeast arc the hexose sugars: glucose, fructose, mannose, 
and galactose. The chemical change which takes place in fermentation 
of glucose may be expressed as follows : 

CoHiaOc 2C2H5OH + 2CO2 

glucose alcohol carbon dioxide 


In the account of bacteria under the heading of carbohydrate fer- 
mentation (page 382) this transformation ©f certain sugars to alcohol 
and carbon dioxide was discussed. 

The great economic importance of yeast is realized when we under- 
stand that on account of its power of producing a sugar-fermenting 
enzyme, it is indispensable in the making of bread, in the manufacture 
of commercial ethyl alcohol, and in the production of alcohol in fer- 
mented liquids used as beverages. 

In bread making, yeast plants are mixed with a mixture of flour and 
water. The flour contains some sugar in addition to the starch. At 
a suitable temperature, the yeast cells multiply rapidly. Zymase 
is formed, and breaks down the sugar into alcohol and carbon dioxide. 
The bubbles of carbon dioxide gas are prevented from escaping by the 
dough, which, however, is caused to rise by the expansion of the bub- 
bles. At baking temperatures, there is further expansion of the gas 
bubbles, and also a driving off ^f alcohol and water. 

LICHENS 

General Characteristics and Distribution. — The lichens constitute 
one of the most extraordinary groups of plants to be found in the plant 
kingdom. The plant body is made up of a fungus growing in intimate 
relationship with an alga. The fungus forms the greater bulk of tlu? 
plant body, and is usually one of th(i Ascomycet(ns (in three genera of 
lichens the fungal component is a basidiomycete), as is evidenced by 
the fact that it reproduces by ascospores produced in an ascocarp. 
The alga in this plant complex belongs either to the Myxophyceae or 
simple Chlorophyceae. In some cases it is possible to make separate 
cultures of the alga and fungus which constitute the lichen, and then to 
bring them together and produce a lichen experimentally, the fungal 
threads enclosing the algal cells and forming a typical lichen body. 
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The co-partnership of the alga and the fungus in a lichen is an 
excellent example of symbiosis. The manufacture of food can bo 
carried on only by the alga, and necessarily the fungus is dependent 
upon the alga, from which it absorbs food. However, the alga also 
derives some benefit from the presence of the fungus. The fungus 
absorbs water from the substratum upon which the lichen lives and also 
from fog and moist air, and passes it on to the alga. The fungus also 
protects the algal cells from fatal drying out when the air humidity is 
very low. It should be emphasized that in a lichen two definite species 
— an alga and a fungus — when grown together may produce a charac- 
teristic plant body which is different in form and appearance from 
either component grown separately. To this compound organism we 
must also give a generic and a specific name. 

Lichens are world wide in their distribution. They are found in a 
great variety of situations, and are of many different forms and colors. 
Crustaceous and leaf-like forms occur on the surface of rocks, on the 
bark of trees and on the soil. Some lichens, such as the so-called rein- 
deer moss (Cladonia) of 
arctic tundras, and Umea, 
which is pendent from the 
branches of trees, grow to 
a large size. In many habi- 
tats lich(ms are exposed 
to the greatest extremes of 
temperature and humidity. 

In fact they are able to live 
in habitats — exposed rocks 
and tree bark, for example 
— where few other plants 
can maintain themselves. 

They can undergo extreme 
desiccation for along pciriod, 
and revive when favorable 
conditions recur. 

A few lichens are of 
some economic importance. 

Various pigments, including litmus, are manufactured from lichens, 
and some lichens are used for food by man and domestic animals. 
Reindeer and caribou on the northern tundras live in certain sea- 
sons, largely on “ reindeer moss ” (not a moss but a lichen). Lichens 
are also important agencies in the disintegration of rock upon which 
they grow. 



Fig. 329. — A foliose lichen showing the cup)- 
shaped apothecia. 
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Structure of Lichen Body. — The lichen body is a thallus, which in 
cross section is seen to possess an upper and a lower layer of fungal 
threads, between which is a region of looser hyphae. The algal cells 
may be scattered among the hyphae throughout the plant body, or as 
is more frequent, in a layer near the upper surface. Hyphae from the 
lower surface may act as absorbing and anchoring structures. 

Reproduction. — In discussing reproduction of lichens it is necessary 
to distinguish between (1) the reproduction of the lichen as a whole, 
and (2) the reproduction of each of the two component organisms which 
make up the lichen. 

In the case of many lichens, especially in pendent forms of Usnea, 
there is often considerable multiplication resulting from the tearing 
loose by the wind of relatively large fragments of thallus which may 
find lodgment in places favorable for their development into large 



Fig. 330. — Four types of lichens. 


thalli. In addition most lichens form spc^cial reproductive bodies 
called soredia, each of which consists of a few algal cells surrounded 
by fungous hyphae. They are produciid in powdery or granular masses 
on the surface of the thallus or in some cases on sjiecial branches. 
When they fall from the lichen or are carried away by the wind they 
may develop into lich(;n thalli. 

The algal component consists usually of simple unicellular plants, 
which reproduce within the body of the lichen by fission and thus 
increase in number as the thallus grows. The fungal component if, as 
in most cases, it is an Ascomycete, reproduces by means of ascospores. 
These are generally borne in apothecia which are very similar to those of 
Peziza and related Ascomycetes. Unless the ascospores germinate in 
close proximity to cells of the algal component, a new lichen will not be 
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formed. A few lichens produce their asci within closed ascocarps (peri- 
thecia) which open by a small pore when the ascospores have reached 
maturity. 

In certain species the ascocarps are formed as the result of a sexual 
reproductive process strikingly similar to that of certain Rhodophyceae. 
In other cases careful study has failed to show any evidence of a sexual 
process. 


ASCOMYCETE&— A SUMMARY 

1. The group includes both parasitic and saprophytic forms. Organic 
matter of either plant or animal origin may be a source of food. Many 
of the r('presentativ(‘s caus(» important diseases of cultivatc^d plants. 

2. The hyphae are septate, but each of the compartments thus 
formed may contain several nuclei. 

3. In many cases conidiospores are produced. 

4. In addition, characteristic spores (ascospores) are produced in 
an ascus (sac); in many cases it has been shown that sexual fusions are 
involved in th(^ processes k‘ading up to the formation of an ascus or 
group of asci, and that preceding the formation of ascospores a reduction 
division tak(‘S plac('. 

5. The asci are generally produced in fruiting bodies, known as 
ascocarps, which may be open (apothecia) or closed (perithecia). 

6. Th(Te is a close similarity between certain of the Ascomycetes and 
som(' of the Rhodophyc(‘ae as regards the structure of the gametangia 
and the b('havior of the zygote. This similarity is suggestive of a 
relationsnip between th(' two groups. 


BASIDIOMYCETES (BASIDIUM-FORMING FUNGI) 

Characteristics of Group. — Thus far in our discussion of fungi we 
have dealt with the four classes: Bach^ria (fission fungi), Myxomycetes 
(slime fungi), Phycomycetes (algal fungi), and Ascomycetes (sac fungi). 
There remains for us to consider one very important class of fungi, 
the Basidiomycetes. The class name is descriptive of the outstanding 
character of the group, which is the occurrence of a special t>T)e of 
structure, called a basidium (plural basidia), in the life cycle of these 
plants. It is a club-shaped hypha which produces spores (basidi- 
ospores) singly at the end of several (usually four) slender, pointed 
protuberances called sterigmata (singular sterigma). In some Basidio- 
mycetes the basidium is divided by cross walls into a number of cells 



436 


THALLOPHYTA— FUNGI 


(generally four) but in other forms it is non-septate. In the early stages 
of development of the basidium there is a fusion of nuclei (as in the 
young ascus) to form a single diploid nucleus, and preceding the forma- 
tion of basidiospores, a reduction division takes place. 

The class Basidiomycetes is subdivided into the following three 
groups: 

1. The smut fungi — Hemibasidiomycetes. 

2. The rust fungi — Protobasidiomycctes. 

3. The fleshy and woody fungi — Eubasidiomycetes. 


HEMIBASIDIOMYCETES (SMUT FUNGI) 

The smut fungi arc regarded as the most primitive of the Basidio- 
mycetes. All are i)arasites, occurring on a wide range of hosts, the most 
common hosts being the Gramineae, which include the grasses, and 
common cereals. The smuts annually destroy millions of dollars' worth 
of com, oats, barley, wheat, rye, and other cereals. The estimated 
reduction of yield of cereals in the United States due to smuts during 
1921 was 160,738,000 bushels. 

Cora Smut. — The smut of corn (Ustilago zeae) may be selected 
as a type fomi. The mycelium of the fungus may occur in any part 
of the host (Fig. 332). It causes abnormalities of development and 
tumor-like swellings, sometimes of considerable size. These rcisult from 
the abundant development of hyphae in the tissue of the host and from 
the resulting stimulation of the tissue cf the affected organ to abnormally 
active growth. Later, practically all of the internal tissue of the dis- 
eased part of the host is used up by the growth of the smut hyphae, 
so that the whole deformed structure, except the surface layer, becomes 
a mass of fungal hyphae. These hyphae are then transformed into 
millions of black spon^s known as chlamydospores. I^ach of these spores 
is formed from a short segment of a hypha which becomes surrounded 
by a slightly thickened w^all and then separates from the adjoining 
segments of thc^ samci hypha. Chlamydospores are capable of germina- 
tion as soon as mature if conditions are favorable, or they may retain 
their vitality throughout the winter and germinate the next spring. 
Germination may take place on old corn stalks, soil, or manure. Each 
germinating chlamydospore produces a short hypha, called a promyce- 
hum or basidium, which is divided by cross walls into three or four cells. 
Each of these cells bears a single basidiospore which is generally spoken 
of as a sporidium. The sporidia arc capable of multiplication by bud- 
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F^a. 331. — A lichen. A, plant slightly reduced. B and (7, soredia in different stages 
of development. D, algal cells surrounded by fungal cells with haustoria. 
B, three paraphyses and a single ascus. F, section of apothecium. G, section 
of vegetative portion of thallus. (B and C, after Schwendener; B, F, and 
after Schneider; D, after Bornet.) 
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ding, such budding often going on rapidly on barnyard manure. The 
sporidia are readily carried by the wind and may, if they fall upon any 
young tissue of a corn plant, send out short hyphae which will penetrate 
the epidermal cells and thus infect the plant. As a result of the infection 



Fig. 332. — Common smut of corn {Ustilago zeae). Smut tumors on the ear. (After 
Jackson, Dd. Agr. Exp, Sta. Bui. 83.) 

there develop the tumor-like swellings already described. Each of 
these is the result of a separate infection. 

Modes of Infection in Smuts. — Among the cereal smuts, three modes of infec- 
tion are recognized, namely (1) seedling infection, (2) flower infection, (3) general 
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infection. In seedling infection, as illustrated by bunt (stinking smut) of wheat, 
covered smut of barley and all oat smuts, kernel smut of sorghums, and millet smuts, 
the spores adhere to the surface of the seed. When the seed germinates, the smut 



Fig. 333. — Common smut of corn in the tassel. (After Jackson, Del. Agr. Exp. Sta. 

Bui 83.) 

spores also germinate’, and the smut hyphao pemetrate the tissue of the seedling at 
once. The parasite keeps pace with the developing plant, becoming conspicuous 
as bla(ik, sooty masses of spores which partially or tot ally 'replace the flowering head. 
A smut of this sort may be held in control by treating the seed with a substance 
such as copper sulphate, copper carbonate, or formaldehyde, which will destroy 
adhering smut spores, but will not injure the embryo. 
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The loose smuts of wheats and barley infect their hosts through the flower, the 
spores being incapable of infecting any part of the plant except the ovary. There is 
a slight development of the mycelium in the embryo of the grain and there is no 
apparent injury to the grain. However, when the seed germinates, the dormant 
mycelium begins to grow, and as the young plant develops, the mycelium keeps 
pace with its host. It is possible by careful microscopic study to detect the hyphae 
of the smuts in the stem-growing point of the host (Fig. 339). Not until the flower 
head is forming does the presence of the parasite become evident. Then the tissues 
of the flowers which are infected by the mycelium of the fungus are transformed 
into a mass of black chlamydosporas. These are readily scattered by the wind 
and may infect flowers in a less advanced stage of development. 

It is obvious that the ordinary seed treatment which has for its object the destruc- 
tion of smut spores adhering to the seed would be useless in controlling smuts whic^h 



Fig. 334. — Com smut (Ustilago zeae). A, hyph.ae in the tissue of the host. B, 
mature chlamydospores. C, a germinating chlamydospon', showing the 4-celled 
basidium, two cells of which are producing spondia (basidiosp^ores). Z>, sporidia. 
Ef budding sporidia. (Redrawn from Freeman and Stakman, in Minnesota 
Agricultural Experiment Station Bulletin.) 

have infected the flowers of the host, for in smuts of this type the hyphae are within 
the embryo. However, a hot-water method of st;ed treatment has been devised 
which will destroy the dormant mycelium but leave the embryo uninjured. 

Corn smut is an example of the third, or geniTal, type of infection. In this, 
young tissue of stem, leaves, flowers, and even roots may be infeiitcd. Since the 
parasite may gain entrance through any part of the plant, it is clear that seed treat- 
ment would be useless. Control of corn smut may be acc.omplished by removal 
from the field and burning of smut masses before they discharge the spores, and by 
a proper system of crop rotation. 

PROTOBASmiOMYCETES (RUST FUNGI) 

The rusts are a group of fungi of great economic importance. They 
are parasites on a great variety of hosts, chiefly seed plants. Well- 
known diseases of economic plants which are caused by rusts are black 
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Fig. 335. — 1, head of Little Club wheat affected with bunt or stinking smut 
{Tilliitia tnlici)j and immediately to the right one kernel of wheat filled with 
chlamydospon's of the parasite. 2, di.sease-frce head of Little Club wheat, and 
to the left a normal wheat kernel. (From Mackie.) 

stem rust of wheat, oats, barley and rye, asparagus rust, apple rust, 
orange rust of raspberry and blackberry, and blister rust of pines. 
The grain losses due to the black stem rust of cereals are sometimes 
(*normous. Many epidemics of this disease have occurred, those of 
1904 and 1916 in this country having been particularly destructive. 
According to one of the principal American authorities on cereal rusts, 
the most conservative estimate places the loss of wheat in the United 
States due to the black stem rust in 1916 at 180,000,000 bushels, while 
the loss in Canada was estimated at about 100,000,000 bushels.’’ 

The rust fungi are striking examples of obligate parasites, that is, 
organisms which are unable to live except in living tissue. They are 




442 


THALLOPHYTA— FUNGI 



Fig. 336. — Loose smut of wheat (UsHlago tritici). Left, normal h('ad of club wheat; 
middle, head affected with smut before heading; right, spores beginning to blow 
away. (From JMackie.) 

incapable of living in culture media, even whcm these media are made 
from the host plant upon which they thrive. 

The mycelium of rusts is composed of s(iptate hyphae which nearly 
always grow in the intercxdlular spaces of the host tissue and are branched 
and provided with haustoria. Five different types of spores may be 
formed in rust fungi, but not all types are pn'sent in evt^ry species of 
rust. These different forms of spores will be described in a later 
paragraph. 

One of the best-known genera among the rusts is Puccinia. It 
has a number of very important species, chief of which is Puccinia 
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Fig. 337. Smutted outs. At the left, head affeetcd by loose smut (Csiilngo avenae); 
at th(‘ rijjiht, h('a,d afT(*eted by elos(‘d smut {i stihigo levis). (From Colorado 
Agricultural College Fxteii.siou Service Jiulletin.) 



Fig. 338. — .4, kernels of normal wheat, and /i, kernels of wheat filled with ehlamydo- 
spores of Tilletia. The disease is Imnt. (After Leach, in Colorado Agricultural 
Experiment Station Bulletin.) 
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graminis, the black stem rust of wheat, oats, barley, rye, and many 
grasses. 

LIFE HISTORY OF PUCCINIA GRAMINIS (BLACK STEM RUST) 

Most parasitic fungi require but a single host for their life cycle, 
but a few have two different host species and can not complete their 
life cycle unless both are present. Puccinia graminis is one of the latter, 
requiring a grass such as wheat as one host, and the barberry as the 
second or alternate host.^ 

Red-spore or Uredinial Stage. — The first visible evidence of this 
rust on cereals is seen on the stems and leavers as reddish-brown streaks 
or pustules, which make their appearance in the spring and summer. 
These are sori of minute yellowish spores formed just beneath the 
epidermis of the host. These spores are known as urediniospores, and 
the sori as uredinia. These spores are external evidence of the presence 
of a mycelium growing between the cells of the tissues of the host. The 
production of these spores is spoken of as the red rust stage of th(i 
disease. The mycelium which gives rise to the spores is intercellular 
and forms haustoria which penetrate the cells and absorb foods from the 

living protoplasts. Each ure- 
diniosi)ore is stallced, one-cellcd 
and ovate, and has two nuclei 
and a rather thick wall which 
bears numerous small spiny 
projections. These spores are 
disseminated by the wind. 
They are capable of immcjdiate 
germination, if they fall upon 
a wheat k^af or stalk, and if 
sufficient moisture is present. 
Infection tak(\s place by the 
growth of the germ tube 
through a stoma into the host 
tissue (Fig. 340). Within the 
host tissues this hypha 
branches and forms a new 
mycelial growth. Within a 
short time the mycelium 
absorbs sufficient food from 
the host to form a new crop 
of urediniospores. Thus it 

' The account of the life history of Puccinia graminis has been revised and partly 
rewritten by Dr. Ruth Allen, Cytologist in Wheat Rust Investigations, U. S. Dep’t of 
Agriculture. 



Fig. 339. — Portion of the tip of an infected 
barley stem showing hyphae of loose smut 
of barley in the tissue, (Redrawn after 
Freeman and Stakman, in Minnesota Agri- 
cultural Experiment Station Bulletin.) 
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is possible to have a number of successive crops of tirediniospores in a 
season, and from one or a few infected plants the disease may spread 
over a large area. In fact, the red stage may thus repeat itself under 
favorable environmental conditions every seven to ten days. The 
epidemics of rust that occur in grain districts are chiefly due to weather 
conditions which are favorable to the development of successive 
crops of red rust spores, and thus make possible the rapid spread of 
the disease. 

Black-spore or Telial Stage. — Usually in the late summer or fall 
when the grain begins to ripen, black pustules or sori appear on the 
same culms and leaves which produced the urediniosori. These sori 
produce dark-colonid spores known as teliospores. The sori are called 
telia. One may sometimes find both urediniospores and teliospores in 
a single sorus. The teliosponis are stalked, two-celled structures which 
are spindle-shaped and have a thick wall. Each of the cells of a young 
teliospore have 2 nuclei which fuse before the spore is ripe, thus giving 
rise to a diploid nucleus. They are unable to germinate at once as do 
the urediniospores, but after wintering in the open on stubble or on the 
soil, they germinate freely. 

The Basidial Stage. — After the rest period, the teliospore germi- 
nates. The spore develops a hypha and the diploid nucleus migrate3 
into it, divides twice (one division being the reduction division) giving 
rise to four haploid nuclei, two of which are plus and two minus. 
Septa divide the hypha forming the four-celled promycelium. Each of 
the four cells is capable of producing a single, colorless, uninucleate 
basidiospore on a short stalk (sterigma). Basidiospores are carried 
by the wind. 

The Spermogonial Stage. — If the basidiospore comes to rest on a 
leaf, fruit, or young twig of certain species of barberry, including the 
common barberry {Berheris communis) , the germ tube (young hypha) 
which is formed when the spore germinates, penetrates the epidermis of 
the barberry plant and develops mycehum in the tissue of the host. 
If the spore germinates on the surface of any plant except one of th(! 
susceptible species of Berheris, development of the hyphae of the rust 
fungus within the tissue of the plant does not take place. This mycelium, 
consisting of uninucleate cells, grows within the barberry leaf and in 
S(iven to ten days develops small flask-shaped structures called 
spermogonia. These are buried in the tissue of areas of the leaf which 
are thickened as the result of the presence of the rust mycelium within 
the leaf tissue. At maturity these spermogonia break through either 
the upper or the lower epidermis of the leaf and push out a tuft cf 
stiff-looking hyphae, the paraphyses. The interior part of a sperm- 
ogonium is lined with very fine hyphae at the tips of which small cells. 
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Fig. 340. — Life cycle of black stem rust {Pucrinvi grnrninis) -an heteroecious rust. 
1, Uredmia on wheat stem. The rod unredmiospon;s are produced early m the 
season. 2, A single iirediniosporo, a f)inucleate body. 3, (hTiriinating ur(‘dinio- 
spore on the surface of the stem of the same or anot her wheat plant, its germ tube, 
with 2 nuclei, penetrating a stoma. As a result a mycelium, each c(‘ll of which 
is binucleate, is formc'd within the tissues of the host and soon another croj) of 
urediniospores is borne in uredinia as shown in 4. Thus during a single season 
there may be successive crops of urediniospores, the disease thus spreading 
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the spermatia, are produced. These ooze out to the surface in a sweet- 
ish liquid of flower-like odor, attractive to insects. 

It will be recalled that the basidiospores, like the asexual spores of 
Rhizopus, are of two kinds, plus and minus. A plus basidiospore results 
in a plus mycelium which bears plus spcrmatia. A minus basidiospore 
grows into a minus mycelium which bears minus spermatia. Neither, 
by itself, can preceded to the next part of the life cycle. 

The Aecial Stage. — When a plus spermatium is carried to a minus 
infliction or a minus si)ermatium is carried to a plus infection (achieved 
in nature by visiting insects) or when the hyphae of two adjoining 
inflictions of opposite s(\x overlap and become connected within the 
barberry leaf, fertilization takes place. Plus and minus nuclei meet 
but do not fus(‘. Tlui furtluT growth of the mycelium consists of 
binucleate cc'lls, and ac'cia bc'aring binucleate aeciospores are now 
d('velof)ed. Th(‘ clustcirc'd aecia arc cup-shaped structures opening 
upon the lower surfae(i of the leaf and filled at maturity with chains of 
yellow on('-C('ll(‘d, but binucleate aeciospores. These are scattered by 
the wind and if t]i(‘\' fall upon the surface of a wheat plant or of any 
other species of grass susceptible to infection by the rust fungus, the 
spore push(*s out a germ-tub(% enters the host through a stoma and 
rust mycedium consisting of binucleate cells is developed within the tis- 
sue of tlie grass plant. This mycelium gives rise to the uredinia of the 
red-rust stage. 

Spore Forms. — In the black stem rust of grasses and cereals which 
we have just described, there are four spore forms, namely: 


rapidly ovit a field. 5, A telium produced liter on wheat stems. The telio- 
spores wliicdi are liberated from the ti'lia are 2-e('lled, each (^‘11 beiiiR binucleate. 
d’hey remain alive on the soil or straw during the wiuti'r. 6, A single immature 
teliosjiore, tw()-<*ell(*d, (’ach cell binucleate. 7, A mature tehospore, each cell 
uninucleate. During the maturation of the teliospores, the two nuclei in each 
cell fuse. S, A tehospore germinating tlie spring following its formation. Each 
(cll IS sending out a 4-celled promycehum (basidium) each cell of which may 
produce* oiu* basidiospore. The cells of the basidium and the basidiospores arc 
each uninucleate. 9a and 96, Basidiospores which will develoj) into plus and 
minus mycelia respectively, which will m turn give rise to plus and minus 
sp(*rmatia. 10, If the basidiospores fall ujion a common barlicrry leaf (10), 
they germinate as shown in 11, and the germ tube penetrates the leaf epidermis 
and forms a mj^celium within the tissue of the leaf. 12, A barberry leaf (upper 
siirfaci*), showing two groujis of spermogonia. 13, Cross sections of two different 
parts of the same leaf, showing spermogonia m longitudinal s(*ction. One of 
these has develop(‘d from a plus mycelium, the other from a minus mycelium. 
At the tips of hyphae m the spermogonia, spermatia are produced. 14, Nucleus 
of a spermatium passing into a paraphysis. 15, The lower surface of a barberry 
leaf bearing the aecia or cluster cups, lb, Cross section of an aecium bearing 
aeciospores. 17, A binucleate aeciosporc. 18, Hypha from a germinating 
aeciospore entering IIki stoma of a wheat leaf. 



Fig. 341.— Section through a uredinium of Pucdnia graininis on wheat stem, showing 
urediniosporcs in various stages of development. (After Owens, from Principles 
of Plant Pathology.) 



Fig. 342. — Section through a telium of Pucdnia grayninis on wheat stem, showing 
teliospores in various stages of development. (After Owens, from Prindples oj 
Plant Pathology.) 
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1. Urediniospores — in sori (uredinia) on the grass or cereal host. 

2. Teliospores — ^in sori (tolia) on the grass or cereal host. 

3. Basidiospores — on a promycelium or basidium developing directly 
from the germinating teliospores on the soil or stubble. 

4. Aeciospores — in cluster cups or aecia on the lower surface of the 
swollen areas of the barberry leaves. 



Fig. 343. — Sporo-discharfo in the Urodincae and the Hymenomyeetes. A, a ger- 
minated teliospore of Puccinia grnininis (from Avena snlivOy bearing two 
basidia, on<* with four rijie spores and the other with spore-discharge going on.) 
By a iransverse sc'ction through the liymenium of Psalliota enmpesinsy showing 
a liasidium with four rijie sj>ores ami another basidium with spore-discharge 
going on. Tn both Puennia grammis and Psalliota campestris a drop of water 
is excreted from the hilum of each spore just before dischargi. Magnification 
the same both A and By 880. (From Buller’s Researches on Fungi.) 


Heteroecism. — Parasitic fungi, which like Puccinia graminiSj have 
two different host species and can not carry through their complete 
life cycle unless both hosts are present, are called heteroecious fungi. 
By far the majority of parasitic fungi, however, require but a single 
host in order to complete their life cycle. They are spoken of as autoe- 
cious fungi. A common autoecious rust is Puccinia asparagi, the aspa- 
ragus rust. 
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Prior to 1865 the true relationship of the red rust stage, black rust 
stage, and barberry rust stage of Pitccinia graminis was unknown. In 
fact, these three rusts were regarded as different species and given 
different generic names, Uredo Pucciniay and Aecidium, respectively. 

The establishment of the fact that these were three different 
stages in the life history of a single organism is credited to the classical 
researches of the great German botanist, Anton de Bary. 



Fig. 344. Fia. 345. 


Fig. 344. — Leaf of eonimon barberry {Berheris tmlgaris) sbowinp: clusters of a('cia on 
the lower surface. (From Bailor’s Researches on Fungi.) 

Fig. 345. — Aecia of blister rust on white pine tn'c. (Afti'r U. 8. Dept, of Agr., 
from Owens^ Principles of Plant Pathology.) 

For a number of years, the great importanc^e of the barberry in 
spreading rust has been recognized. Denmark, in 1903, passed a bar- 
berry eradication law and since then almost all bushes have been eradi- 
cated from the country. This has resulted in almost total elimination 
of black stem rust in Denmark. In 1918, a vigorous barberry eradica- 
tion campaign was initiated in this country by the Office of Cereal 
Investigations, of the United States Department of Agriculture, cooper- 
ating with the thirteen principal wheat-growing states. Already, 
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eradication has progressed so far in certain sections that the beneficial 
results are noticeable. It is not to be expected that destruction of all 
plants of those species of barberry which are subject to the disease will 
eradicate the disease in all localities. In regions where the winters are 
mild, urediniospores may survive the winter and infect cereals in the 
spring, thus continuing the disease without the alternate host. 

White Pine Blister Rust (Cronartium ribicola). — This heteroecious 
rust, which has as alternate hosts certain species of white pines and 
certain species of Rihes 
((currants and gooseber- 
ries), although not a 
serious disease on Rihes 
species, has caused great 
losses of pines, (;hiefly 
Pinus sti'ohus and other 
five-needled pines. The 
spermogonial and aecial 
stages occur on the 
pine, the uredinial and 
telial stag(\s on Rihes 
species. On th(' pine the 
mycelium of the fungus 
grows in the tissue of 
the stem. From this my- 
celium there are dev(*l- 
oped on the surface of 
thc‘ bark small spe^rmo- 
gonia fioin which sper- 
matia (^\ud(^ in glisten- 
ing drops of a sugary 
fluid. Also on the pine 
bark the aecda appear as 
orange-yellow blisters. Infection of the leaf of Rihes occurs as a result 
of the germination of aeciospores on the lower surface of the leaf. 
From the myc^elium in the Rihes leaf there develop orange-yellow 
pustules (uredinia) on the lower surface, from which urediniospores 
are shed. These spores are borne throughout the summer and infect 
other Rihes plants. Teliospores may either arise from old uredinia or 
in separate sori. Teliospores germinate on any substratum where 
moisture is adequate. The germinating teliospore develops a five- 
celled promycelium, and on each of the four upper cells a sporidium is 



Fia. 346. — Relation of the mycelium of Cnmnrtium 
ribicola in the stem of its host {Pinus strohm). 
e, hyphae passing above and at right betweem the 
cells of the parenchyma with their large nuclei, and 
at I('ft passing betw(‘(‘n the tracheids with their large 
bordcTed pits, each cell of the h}iihae with a nucleus; 
6, haustoria of various shapes, eatdi with a nucleus. 
The nuclei of the host-cells are much larger than the 
nuclei of the fungus. (After Colley, from Arthur’s 
Plant Rusts.) 
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borne on a short sterigma. The sporidia are borne by the wind to the 
pine, where they germinate and infect the young leaf-bearing twigs. 
The first aecia do not appear until the second or third spring after 
infection. The mycelium spreads in the bark of pine, producing each 
season a new crop of aeciospores. As a result of the infection, large 
cankers are formed on the bark, which may finally girdle the branch 
upon which they are borne, and kill that portion of the tree above the 



Fig. 347. — Telial stage of blister-rust on currant leaf. Natural size. (After Owens, 
from Principles of Plant Pathology,) 


EUBASIDIOMYCETES (FLESHY AND WOODY FUNGI) 

This group includes the most familiar representatives of the Basidio- 
mycetes, such as the mushrooms, puff-balls, and many other fleshy and 
woody forms. A characteristic feature of the group is the conspicuous 
sporophore which may attain considerable size and which produces the 
hymenium, a compact layer of one-celled basidia (each with four basidio- 
spores) and sterile filaments. 
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The Eubasidiomycetes consist of two subgroups: 

1. Hymenomycetes — in which the hymenium is exposed. 

2. Gasteromycetes — in which the hymenium is enclosed. 

HYMENOMYCETES 

The principal order of the Hymenomycetes is the Agaricales, This 
includes the gill fungi, the tooth fungi and the pore fungi. 

A Common Gill Fungus. — Of all Eubasidiomycetes the gill fungi are 



Fia. 348. — Diagrammiitio roprrsentation of the life history cycle of white pine blister 
rust {Cronartium rihicola). (After Owens, from Principles of Plant Pathology.) 


the best known. The most familiar gill fungus is the cultivated mush- 
room {Agaricus campestris). The mushroom as we ordinarily know it 
is not the whole plant but merely a reproductive structure or sporo- 
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phore. The vegetative part of the plant body is the mycelium which 
grows saprophytically in the soil or other substratum upon which the 
sporophores are produced. It consists of extensively branched strands 
of hyphae which absorb and use as food organic material in the sub- 
stratum. On this account mushrooms are never found except in locations 
where there is an abundance of organic material, such as decaj’^cd 
leaves and twigs, or manure. It is only after the mycelium has accumu- 
lated considerable stores of food that the sporophores are produced. 

The mature sporophore, or fruiting body, consists of a stalk or 
stipe and an umbrella-sliaped cap called the pileus. On the under side 
of this cap there are borne thin plates called gills which radiate from the 



Fig. 349. — Stages in the development of a gill fungus [Amanita). Sec explanation in 

text. (After Longyear ) 


stalk tow^ard the margin of the pileus. The whole surface of the gills is 
covered with a layer (the hymenium) made up of millions of basidia 
and sterile hyphae (paraphyses) all of wdiich grow out at right angles 
to the surface of the gills. At the free end of each basidium (see Figs. 
350 and 351) basidiospores, usually four in number, are produced, one 
on the end of each of the four sterigmata. 

Mushroom spawn, as sold by seedsmen, usually consists of dried 
manure and decaying leaves containing the mycelium of mushrooms 
which have previously grown upon this material. When a mushroom 
bed is being made this material is broken up, mixed with earth, and 
used to start the beds. The partially dried mycelium in the spawn 






HYMENOMYCETES 


455 


grows rapidly in the moist wann substratum of the mushroom bed. 
The sporophores originate from strands of the subterranean mycelium.. 
The first evidence of these is in the form of small rounded masses of 
interwoven hyphae known as “ buttons/’ which are usually formed 
just beneath the soil surface. Within the button the pileus and stipe 
develop, and when the stipe elongates and the cap expands, the mush- 
room ” (sporophore) quickly assumes its typical shape. In the young 
sporophore there is a thin layer of hyphae which extends from the 
margin of the cap to the stipe, covering the gills. As development 
proceeds this layer is torn, but remnants of it may cling to the stipe, 
forming a “ ring.” The presence of a ring ” on the stipe is character- 
istic of the common edible Agariciis^ as well as a number of other gill 
fungi. The young sporophore is often covered with a membrane, which 
is ruptured by the expanding (‘ap and stipe, and remains at the base of 
the stipe as a cup or volva. 

Basidiosponvs are produced in immense numbers on the hymenium. 
11 has been computed that a single sporophore of Agaricus campesirisj 
measuring 8 cm. in diameter, may liberate as many as 1,800,000,000 
spores and a single fruiting body of Polyporus squamosus as many as 
1 1,000,000,000. In the lattcT case the spon^s are liberated at an average 
rate of at least one million a minute. The spores drop from the sterig- 
mata of the basidia upon which they are borne, and are readily carried 
far and wide by air currents. Under favorable conditions they ger- 
minate and develop a new mycehum, but it has been estimated that 
in the common mushroom, Agaricus compestrisy only about one spore in 
twenty billion actually germinates and grows into a mushroom plant. 

Kinds of Gill Fungi. — The gill fungi are divided into five groups, 
based upon the color of the spores, as follows: 

1. White-spored. 

2. llose-spored. 

3. Ocher-spored. 

4. Purj^le-brown-spored. 

5. Black-spored. 

Spore color is readily determined by making a spore print. This is 
made by cutting off the cap, laying it with gills down on a piece of 
smooth pai)er, and covering to prevent spores from being blown away. 
Within twenty-four hours or less, spores will have been discharged in 
sufficient numbers so that an imprint or copy of the gill arrangement 
is left and it is possible to determine the color of the spores. 

White-spored gill fungi include the well-known genus Amanita, in 
which are found practically all the deadly poisonous species of gill fungi. 
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Amanita is distinguished by the following combination of characters: 

1. White spores. 

2. Ring on the stipe or stem. 

3. Volva, or cup, at the base. 



There are a number of 
species of Amanita j varying 
considerably in color, size, and 
other minor features, but all 
of them have the character- 
istics given above. Some 
Amanita species are not only 
not poisonous but are in fact 
edible. 

The common or cultivated 
mushroom {Agariens campes- 
iris) is a purple-spored form, 
with pink gills, a broad ‘‘ring^^ 
on the stii)e, but no volva. 
The black-spored gill fungi 
include the well-known inky 
cap and “ shaggy mane ” 



Fig. 350. 



Fig. 350 . — Coprinus sierquilinus. Stages in the development of a basidium and 
basidiospores, showing formation of basidium (a-c), development of spores 
{d-i), spore discharge 0)f and degeneration of basidium (k-l). All of these 
stages are passed through in less than thirty-six hours. Magnification, 408 X 
(From Duller ’s Researches on Fungi.) 

Fig. 351. — Small portion of a section through the spore-bearing layer (hymenium) 
of a mushroom, a, basidiospores; 6, a basidium; c, paraphyses. (After Long- 
year, in Colorado Agricultural Experiment Station I3ulletin.) 


{Coprinus species). In these, the gills finally dissolve, forming a 
black inky hquid. 
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Fia. 352. — Semi-diagrammatic drawing of a section in a field illustrating the manner 
in which the spores of the Horse Mushroom (Psalliota arvensis) are liberated and 
dispersed. A slight lateral movement of the air is supposed to be carrying the 
spore-cloud away from the underside of the pileus. Reduced to J. (From Bul- 
lets Researches on Fungi.) 


Fia. 353. — Lcpiota cepasestipes. Sections of three fruit-bodies coming up among 
cinders, Sphagnum, etc., in a hothouse. A, in the morning, the gill-chamber 
still intact. R, in the afternoon, the pileus beginning to expand, an annulus left 
upon the stipe. C, at night, the pileus fully expanded and shedding spores, 
^mtural size. (From Buller’s Researches on Fungi.) 
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Tooth Fungi. — The members of this group have sporophores which 
are distinguished by the presence of teeth or spines which bear the 
hymenium. It includes both fleshy and leathery forms. Hydnum is 
the best-known genus in the family, several species of which cause 
wood rots. 

Pore Fungi. — In this group, the spores are borne in open tubes or 
pits. Certain species of pore fungi are among the most destructive 
wood-rotting fungi. The fruiting body or sporophore is shelf-like 
in shape and frequently woody, leathery, or corky in texture. The 
sporophores of pore fungi are often found on trees and in some species 
may grow from year to year until they finally attain a large size. 



Fig. 354. — Masses of mycelium of a dry rot fungus (belonging to the Poiyporaceae) 
under the floor of a building. 


GASTEROMYCETES— PUFF-BALLS 

This assemblage of fleshy fungi has the hymenium enclosed within 
a covering known as th(' peridium. The puff-balls (Lycoperdales) are 
the best-known rcjpresentatives. In somo genera, the peridium consists 
of a single layer, whereas in others it has up to four layers. For example, 
in the earth-star {Geasicr) the outer pcridial layer splits open, when the 
spores are mature, into star-like lobes, and lat(T those lobes become 
reflexed, whereas the inner layer opens by a terminal pore. TIu^ inside 
of a young, immature puff-ball consists of a white, fleshy tissue, which 
becomes chambered as development proceeds. In some genera, these 
chambers are filled with interwoven hyphae, the lateral branches of 
which end in basidia, whereas in other genera the walls are lined with 
basidia. 
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Other quite common representatives of the Gasteromycetes are the 
bird^s nest fungi (Nidulariaceae) and the stink horns (Phallaceae). 



Fia. 355. — Under surface of fruit-body of Polyporus squamosus nearly full grown, 
showing the pores of the hymenial tub(»s and the reticulations on the stipe. The 
fruit-body was photographed immediately after it was cut; the involution of 
the edge of the pileus is quite natural. Photographed by 11. H. Pickard. One- 
third natural size. (From Buller’s Researches on Fungi.) 

BASIDIOMYCETES— A SUMMARY 

1. This group includes both parasitic and saprophytic fungi. Many 
cause destructive plant diseases. 

2. The hyphae arc septate and branched. 

3. No motile spores are produced. 

4. The characteristic feature of the class is the occurrence in the life 
cycle of a basidium, which produces asexual spores. 

5. Gametangia have not been found. There arc simple nuclear 
fusions, however, which serve as fertilization processes, and reduction 
divisions preceding the development of basidiospores. 
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Fiq; 356. — An a^en trunk with several sporophores of the bracket fungus, Forms 
ignxarius. The vegetative mycelium is within the tissues of the stem. (After 
Von Schrenk and Spaulding, in Journal of AgricvUural Research.) 
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6. The Basidiomycetes are considered to be the highest of the fungi, 
and to have been derived from the Ascomycetes. The basidium has, 
a place in the life history similar to that of the ascus. 


Fig. 357. — A cluster of puff-balls (Lycoperdon), (After Longyear.) 



Fig. 358. — A sporophore of a puff-bau, Lycoperdon pachydermum. On the left an 
external view and on the right the sporophore in section showing the outer 
“shell” or peridium and the gleba, spore-bearing tissue within. At the base of 
the sporophore are the mycelial threads by which it was attached to the mycelium 
in the soil (Photograph furnished by E. E. Morse.) 
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Fig. 359.— Sporophores of Calvatia scdpta^ a puff-ball (Photograph furnislK'd hv 
^ E. E. Morse.) 



Fig. 360. — An “earth star,” sporophore of Geaster fornicatus. (Photograph furnished 

by E. E. Morse.) 


CHAPTER XIII 


EMBRYOPHYTA 

THE BRYOPHYTA (LIVERWORTS AND MOSSES) 

It will be recalled that in the classification used in this book, the 
plant kingdom is divided into two subkingdoms: the Thallophyta (con- 
sisting of the Phycophyta and the Mycophyta), and the Embryophyta 
(consisting of Bryophyta, Ptoridophyta, and Spermatophyla). In 
those members of the Thallophyta which have sexual reproduction, the 
zygote develops into one or more new plants which from the beginning 
of their development are independent and able to secure their own food. 
In the Bryophyta, Ptoridophyta, and Spermatophyta, however, the 
zygote divides and produces a mass of cells, the embryo, which remains 
attached to and secures food from the haploid plant (gametophyte) 
which produced the zygote. Only after being thus deiKmdont upon the 
haploid plant for some time does the embryo bt^corne an independent 
plant (in the Ptoridophyta and Siiennatophyta), and eventually pro- 
duce spores. In the Bryophyta, the plant which develops from the 
(‘mbryo never becomes detached or entirely independent from the 
haploid plant. 

On the basis of the production of an at least- temporarily dependent 
multicellular structure, called the embryo, the three divisions, Bryo- 
phyta, Ptoridophyta, and Spermatophyta, are group<’d into the sub- 
kingdom, Embryophyta, whereas the Phycophyta (algae) and Myco- 
phyta (fungi), which do not form embryos, make up the subkingdom 
Thallophyta. 

GENERAL CHARACTERISTICS OF THE BRYOPHYTA 

The algae, with very few exceptions, grow submerged in fresh or salt 
water, and those which do not grow submerged live on wet substrata or 
at least carry on an active existence only during periods when moisture 
is abundant. The Bryophyta, on the other hand, are truly terrestrial 
or land plants, although their adaptation to land conditions is so imper- 
fect that few of them, if any, are able to complete their life cycle unless 
the plant is covered with water, at least for a short period. They are 

403 
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also unable to grow actively during dry periods, because of their rela- 
tively ineflScicnt water-absorbing and conserving tissues. 

Another very important characteristic of the Bryophyta is the fact 
that in all of them there is a distinct alternation of generations. It has 
been shown for many of the seed plants, for some algae, and a few other 
plants, and is probably true for all plants having sexual reproduction, 
that the zygote nucleus has twice as many chromosomes as the nuclei 
of the gametes, and that somewhere in the life cycle of all such plants 
there is a reduction division by which the double (2n or diploid) chromo- 
some number is reduced to the n or haploid number characteristic of the 
gametes. In the simpler algae having sexual reproduction, this reduc- 
tion takes place soon after the formation of the zygote. Accordingly, 
the plant ” has nuclei with the haploid chromosome number. 

It will be recalled that in a number of the Rhodophyceae the hmIuc- 
tion division is delayed for a long time. Thus in the life cycle of Poly- 
siphonia and many other red algae, there are two different plants which 
alternate with each other. These are (1) the asexual plant which has t he 
diploid chromosome number and which produces tetraspores, the nuclei 
of which have the haploid chromosome number, and (2) the sexual 
plant arising from a tetraspore and having the haploid (diromosome num- 
ber in their nuclei. These sexual plants produce gametes whos(‘ fusion 
again doubles the number of chromosomes and again gives ris(^ to asexual 
plants. This alternation of diploid and haploid plants, which is gener- 
ally spoken of as alternation of generations, occurs also in some Phaeo- 
phyceae but/ it is by no means characteristic of th(^ Thallophyt/a as a 
whole, for in most of the Thallophyta having sexual rei)r()duction the 
doubling of chromosomes is soon followed by reduct ion and no “ plant. 
with 2n” chromosomes in its nuclei is produccal. Alternation of 
generations is, however, charachirist.ic of all the Bryophyta, Pterido- 
phyta, and Sperrnatophyta. 

The terrestrial habit, embryo formation, and the constant occurn'iicc^ 
of alt(Tnation of generations in the life cycle are the most significant char- 
acteristics distinguishing the Bryophyta from most Thallophyta. The 
following is a summary of the principal characteristics of t,h(‘ Bryophyt a: 

1. With the exception of a few forms the Bryophyta an' terrestrial or 
epiphytic and in general show marked preference for moist habif ats. 
Those which grow in dry places often show a n'markabk' power to sur- 
vive extreme desiccation, but they carry on their growth and othc'r life 
processes actively only during wet or very moist fX'riods. 

2. Alternation of gen(‘rations takes place in all the members of this 
division. 

3. The as(*xual plant (sporophyte) is smaller than the sexual plant 
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(gametophyte). It is permanently attached to and grows more or less 
parasitically upon the gametophyte, never establishing direct connec- 
tion with the soil. 

4. The epidermal cells are provided with a cuticle, which is lacking 
in the case of the Thallophytes. 

5. No true roots are formed in this division, but the sexual or game- 
tophyte plants produce organs called rhizoids, which perform the func- 
tions carried on by the roots of ferns and seed-bearing plants. 

6. Sexual reproduction is heterogamous. The female game tan gium 
(called the archegonium in the Bryophyta and Pteridophyta) does n(4 
consist of a single cell (as in most of the Thallophyta), the protoplasm of 
which forms one or several female gametes (egg cells). Instead it is a 
multicellar flask -shaped organ, and the single egg cell is surrounded by 
a wall made up of many cells, instead of being surrounded by a cell wall 
only as in the Thallophytes. 

7. Multicellular antheridia (male gametangia) of the Bryophyta are 
also distinctly different from those of the Thallophyta, the wall surround- 
ing the sp('mis produced by one antheridium being made up of a layer 
of cells instead of consisting, as in the Thallophyta, merely of a cell wall. 

8. Fertilization can not take place unless the surface of the plants is 
wet, for it must b(' possible for the sperms to swim to the archegonia. 
The gametes have n chromosomes, the zygote 2n. 

9. The as('xual sportvs of the Bryophyta (and the Pteridophyta and 
Sperniatophyta as well) are formed in groups of four (tetrads), each 
t(itrad being formed as the result f)f two divisions of a single cell 
(the spore mother cell). The first of these two divisions is a reduc- 
tion division. 

The Bryophyta are divided into two classes, the Hepaticae or liver- 
worts and the Musci or mosses. 


THE HEPATICAE (LIVERWORTS) 

The members of this class are in general more strictly confined to 
very moist habitats than are the Musci. There are some species, how- 
e^ver, notably certain forms growing in California and in other regions 
where there is a long dry season, which are able to survive months of 
ahnost complete desiccation. The sporophytes of the liverworts are 
less complex than are those of the mosses and for ;the most part some- 
what smaller. 

We shall describe the structure, development, and reproduction of 
two representatives of the Hepaticae and call attention to some of the 
principal variations from these types. 
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RICCIA 

This and the closely related genus Ricciocarpus have the simplest 
sporophytes (asexual phase) of all liverworts, although their gameto- 
phytes are not so simple as are those of certain other members of the 
class. Riccia Jluitans is a species which frequently grows partially sub- 
merged in water whereas Ricciocarpus natans is generally found floating 
on the surface of water. Both of these species, however, can grow upon 
moist soil when the water dries up or recedes. 

The Gametophyte. — The gametophyte of the land-living species 
of Riccia is a small, flattened, dorsiventral plant body or thallus which 
branches freely by dichotomy (forking) and thus frequently takes on a 
rosette form (Fig. 361). Riccia plants can often be found on bare 
moist ground in early spring. The middle line of the thallus is thickened 
and forms a sort of midrib, and there is a long depression on the upper 
side of the thallus along the middle line. From the underside of the 
thallus numerous rhizoids grow out. These are very similar to root 
hairs and are merely tubular extensions of certain of the cells of the 
lower surface of the thallus. They function as organs of attachment 
and also absorb water and soil solutes. In addition to the rhizoids there 
are borne on the under side of the thallus a series of broad overlapping 
scales. At the end of each branch of the thallus and at the bottom 
of the median furrow there is a single cell called the apical cell, which 
by its repeated division gives rise to daughter cells from which are 
formed all the new tissue of the growing branch. Thus the gametophyte 
grows at the tip as do the stems and roots of the higher plants, but the 
promeristem consists of a single cell instead of a group of cells as in 
the seed plants. ( If a cross section of the thallus (Fig. 362) be examined 
it is found that the upper or dorsal portion is made up of cells containing 
chloroplasts, while the lower or ventral part consists of colorless cells. 
In some species there are many clefts extending from the upper surface 
of the thallus down into the chlorophyll-bearing tissue. These func- 
tion, like the stomata and intercellular spaces of leaves, in giving access 
of air to the cells which carry on photosynthesis. The colorless cells 
below the green layer serve for w^ater and food storage. 

The Gametangia. — Each antheridium and archegonium is sunk in a 
deep depression in the thallus, opening out into the median furrow. 
Antheridia and archegonia are usually found on the same gametophyte 
thallus. However, in many species of liverworts, mosses, and ferns, 
antheridia and archegonia are produced on different gametophytes 
which are therefore spoken of as male gametophytes and female game- 
tophytes. 
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In Riccia, antheridia and archegonia in various stages of development 
may be found on a single plant, those nearest to the ends of the branches 
being at more immature stages of development than those farther back. 

Antheridia. — These are more or less pear-shaped organs with a short 
stalk at the broader end. There is a single layer of sterile cells which 
forms the wall of the antheridium and encloses, in antheridia which are 
almost mature, several hundred cells with relatively large nuclei and 
dense cytoplasm. These latter are the sperm mother cells, each of 
which, by a single nuclear division and a subsequent oblique division of 
the protoplast, gives rise to two sperm cells. The protoplast of each 
sperm cell forms a single biciliate sperm. 

Archegonia. — The female gametangia in Riccia are in no important 
particular different from those of other genera of the Ilepaticae, and so 
may be taken as typical of the whole group. Each mature arche- 
gonium consists of an enlarged basal por- 
tion, the venter, and a slender and elongated 
t ubular portion called the neck. The base 
of the venter is attached to the tissue at the 
bottom of the depression in which each 
nrchegonium is enclosed. The neck reaches 
almost or quite to the top of the depression 
where it opens into the median furrow of 
th(‘ thallus. Within the single layer of cells 
which forms the wall of the venter and neck 
is a single row of cells. The largest of these 
cells occupies most of the cavity of the 
vent(^r. It has a large nucleus and dense 
cytoi)lasTn and is the female gamete. The 
cell just above it is the ventral canal cell. Though the ventral canal 
(rell and the egg cells have Ix^en formed by the division of a single cell, 
the ventral canal cell nc'ver functions as a gamete. The other cells of 
tliC axial row are called the neck canal cells. They are four in 
number in Riccia but more numerous in some other liverworts. The 
walls separating the neck canal cells from each other generally break 
down before the archegonium is mature, and the protoplasts of the 
neck canal cells and ventral canal cells degenerate into a mucilaginous 
mass. 

Fertilization. — The union of the male and female gametes can not 
take place in Riccia, nor in fact in any of the liverworts, mosses, or 
ferns, unless the gainetophyte plants are wet. Even though fully 
developed, the archegonia and antheridia do not open except after the 
plants have been wet by rain or heavy dew. Furthermore, even if 



Fig. 361. — I'killus of a ter- 
restrial species of Riccia. 
(Magnification about 8X.) 
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freed from the antheridia, the sperms can reach the archegonia only by 
swimming in water. When gametophytes bearing mature archegonia 
are wet, water is absorbed by the mucilaginous remains of the ventral 
canal and neck canal cells, and as the result of the swelling of this 
mucilaginous material the cover cells, closing the neck canal, are forced 
apart. The mucilage is soon dissolved away so that there is an open 
passage down the neck canal to the cavity of the venter, where the 
egg, a spherical, naked protoplast, awaits fertilization. At the tip of 
the antheridium some of the sterile cells forming the wall of the antherid- 
ium are forced apart as the result 
of the swelling of the disorganized 
walls of the sperm mother cells, 
and through the resulting opening 
the sperms escape. Each sperm 
is a small spirally twisted structure 
made up mostly of nuclear ma- 


Fig. 362. Fig. 363. 

Fig. 362. — Cross section, somewhat diagrammatic, of the thallus (gametophyte) of 
Riccia showing on the left an unfeTtilized archegoniurn sunk in a deep depression. 
On the right is a sporophyte within the enlarged venter of an archegoriiiim from 
the fertilized egg cell of which the sporophyte d(‘velop(‘d. Tht‘ chlorophyll- 
bearing tissue of the upper portion of the thallus is also shown as widl as the 
colorless tissin^ of the lower part of the thallus, and the rhizoids. (IVIagnificatiori 
about 30 X.) 

Fig. 363. — A portion of a cross section of the thallus of a sjiecies of Riccia showing 
the chlorophyll-containing tissue, the colorless ri‘gion, and the origin of a rhizoid. 
Magnification about 100 X. (Redrawn after Casares Oil.) 

terial but including also some cytoplasm. The two cilia are several 
times as long as the body of the sperm. 

The sperms have a tendency to move towards certain of the sub- 
stances discharged from the archegoniurn neck (a phenomenon known 
as positive chemotaxis), and so in their swimming they are directed 
toward the archegonia. On this account and because hundreds of 
sperms are produced to one archegoniurn, few egg cells fail of being fer- 
tilized. Though a number of sperms may find their way into a single 
archegoniurn only one enters the egg and fertilizes it. Almost imme- 
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diately upon the entrance of the sperm into the egg, a thin cellulose wall 
is formed about the resulting zygote. The nuclear material, which 
makes up practically the entire sperm, fuses with the nucleus of the egg, 
the resulting zygote nucleus having therefore twice the chromosome 
number characteristic of the gametophyte and gametes. The formation 
of the zygote marks the beginning of the sporophyte or asexual gen- 
eration. 

The Sporophyte.— The zygote now increases in size until it almost 
fills the venter of the archcgonium and then by division becomes a two- 
celled embryo. By repeated cell divisions the embryo sporophyte 
grows into the mature sporophyte, a spherical mass of cells many 
times the size of the zygote. Meanwhile the venter of the archcgonium 
enlarges as the sporophyte grows. The sporophyte, even aft(‘r it has 
reached maturity, and the enlarged 
archegoniurn venter which surrounds it 
remain within the tissue of the game- 
tophyte thallus. A short/ time before the 
sporophyte reaches maturity it consists 
of a wall mad(' up of a single layer of flat- 
t(^rie(l sterile cells and within this wall a 
number of free spherical cells with dense 
cytoplasm and large nuclei. Each of 
tlu'se cells is called a spore mother cell. 

Spore Formation. — Up to this point 
all the nuclei of the sporophyte, includ- 
ing the spore mother nuclei, have 2ri 
chromosomes. Each spore mother cell 
undergoes two successive divisions and 
forms a spore tetrad or group of four 
spores. 1'he first division of the spore mother nucleus is a reduction 
division and the two resulting nuclei have n chromosomes. They 
almost immediately undergo the second division which is, however, 
not a reduction division but an ordinary mitosis, so that the four 
spore nuclei have the haploid chromosome number. Each of these 
nuclei, together with some cytoplasm and considerable stored food, 
becomes surrounded by a thin wall which thickens as the spore 
ripens. By the time the spores have fully matured the single layer 
of cells forming the walls of the sporophyte and the cells of the en- 
larged archegoniurn venter have broken down. 

Germination of Spores. — The spores are freed by the decay or shrivel- 
ing of the gametophyte and under favorable conditions germinate to 
form new gametophyte plants. The coat of the mature spore consists 
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of two layers, the exine, which is relatively thick and dark in color, 
and a thin and more delicate inner layer called the intine. At germina- 
tion the protoplast of the spore absorbs a considerable quantity of water 



Fig. 365. — Archegoiiia of Ricda surrounded by the tissue of the thallus. To the 
right, an almost mature archegonium. To the left, an archegoniurn ready for 
fertilization. (Drawn from preparations of D II. Campbell.) 


and swells. As a result the exine is ruptured and the intine is stretched 
so that it protrudes in the form of a short, blunt germination tube. 
This soon grows, no doubt- largely because of continu(‘(l water absorption 




Fig. 366. — Successive early stages in the development of the sporophyte of Ricda. 

and the resulting stretching of its wall, until it forms a tube of a length 
several times as great as the diameter of the spore. Most of the pro- 
toplasm of the spore, including oil drops and granules of other stored 
foods, passes out into the tube. Chloroplasts appear and increase in 
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number, and soon the enlarged end of the germination tube is cut off 
by a transverse wall. By repeated division of the terminal cell a group 
of eight cells is formed. One of these cells becomes the apical cell. 
By successive divisions of this apical cell there are cut off cells from 
which all new tissue is derived. Thus a new gametophyte plant arises 
all the nuclei of which have n chromosomes. 

Life Cycle of Riccia. — The following are the principal stages in the 
life cycle of Riccia (Fig. 369) : 

1. The gametophyte thallus which absorbs water and mineral 
salts from the soil and carbon dioxide from the air and which carries 





Fig, 367. Fig. 368. 

I"iG. 367. — I^ijigramniatic figure showing in cross section, the mature sporophyte, 
(‘iilarged archegoniuin, and thallus of Riccia. 

Fig. 368 - — I'wo early stages in the dc'velopment of the gamc'tophyte of Riccia from 
the spore. None of the cell contents has been shown. 


on photosynthesis. All the nuclei of the gametophyte are haploid 
(having n chromosomes). 

2. The development within this thallus of the gametangia (antheridia 
and archegonia). 

3. Th(i formation within each aiitheridium of hundreds of sperms 
and within each archegoniuin of one ('gg cell. Each gamete has n 
chromosomes. 

4. The opening of the archegonia and aiithbridia after maturity 
and when the plants are wet. 

5. Swimming of sperms to archegonia and fertilization of egg ceU 
by a sperm. 
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6. The formation of the zygote with its 2n nucleus by the fusion 
of the two gametes. 

7. Development from the zygote of a globular sporophyte consisting 
of a single outer layer of sterile cells enclosing a number of spore mother 
cells. All the cells of the sporoph 3 rte plant, including the spore mother 
cells, have diploid nuclei (each with 2n chromosomes). 



Fia. 369. — Diagram showing the life cycle of Ricda. 1, the gametophyte thallns 
(monoecious). 2a, an antheridium. 26, an archegonium ready to open and 
permit the entrance of sperms (both antheridia and arohegonia are sunk in the 
tissue of the thallus). 3a, a single sperm. 36, an egg cell. 4, the fertilized egg 
cell or zygote. 5, an embryo sporophyte resulting from repeated divisions of 
the zygote. 6, the sporophyte with contained spore mother cells. 7, tetrads of 
spores each such group oi four resulting from two divisions (the first a reduction 
division) of a spore mother cell. 8, a single ripe spore. 9, a very young gameto- 

? hyte plant developed from a spore. Note that stages 4-6 and the wall cells in 
belong to the sporophyte generation, the other structures to the gamef<)phytc. 
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8. Reduction division of each spore mother nucleus to form two 
nuclei with n chromosomes. 

9. Division of these by ordinary mitosis to form the nuclei of a tetrad 
of spores. 



Fig. 370. — Thalli (male) of Marchantia as seen in natural habitat. A number of 
antheridial branches may be seen. 


10. Liberation and germination of the spor(‘s and development of 
a new gametophyte. 

MARCHANTIA 

We have chosen Riccia as the first brj^ophyte type for discussion 
because it has the simplest sporophyte of all living Bryophyta, although 
a number of liverworts have much simpler gametophytes. As a second 
type we shall consider the relatively common and widel}^ distributed 
Marchantia which has a considerably more compjex sporophyte than 
Riccia. 

The Gametophyte. — In Marchantia the gametophyte, like that of 
Riccia^ is a dichotomously branched thallus bearing on the lower side 
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rliizoids and tliin scales. In Marchaniia, the archegonia and antheridia 
are not borne on the same gametophyte thallus, but certain thalli bear 
archegonia and others antheridia (Figs. 372 and 373). Moreover, the 
gametangia, instead of being borne buried in depressions in the thallus 
as in Ricci a, are produced on special erect thallus branches. The 
arrangenient of the cells which carry on photosynthesis is quite different 
in the gametophyte of Marchaniia from that of Riccia. Just below 


Air Chamber 



Epidermis 


Partition 

Between Two 

Air Chambers 


' Rhizoids 


Ventral Scales 


Fig. 371. — Cross section throupih .*i portion of th(‘ thallus (j^ametophyte) of Mar- 
chantid. Note in the air chambers the short, sometim(\s branched filaments of 
cells, provid(.‘d with numerous and large chloroplasts. 


the upper surface there are a large number of shallow air cham- 
bers. PVom the floor of each of these there arise short, somtdimes 
branched filaments of cells which are provided with numerous and 
large chloroplasts and which are the principal carbohydrate-making 
cells. These chambers arc completely roofed over by an (epidermis 
except for a single pore which permits the ready entrance? and exit 
of gases. 

Reproduction by Gemmae. — Marchantia and a number of other 
related liverworts are capable of multiplying themselves asexually 
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without the formation of game- 
tantia. This is accomplished by 
means of outgrowths of the thallus 
specially adapted to vegetative 
reproduction (Fig. 373). They are 
called gemmae and are borne in 
structures called gemmae cups 
which are produced on the upper 
surface of the thallus. When sepa- 
rated from the gametophyte the 
gemmae may grow into new game- 
tophyte plants. 

Antheridia and Archegonia. — 

There is no essential difference in 
the structure of the gametangia 
in Morchantia and Riccia. The 
antheridial branch has a slender 
stalk surmounted by a disc with 
lobed edge. Numerous anthc^ri- 
dia are produced on each antheri- 
dial branch, each antheridium being enclosed within a cavity in the 
disc. Thes(‘ cavities open on the upj:)er surface of the disc and it has 
b(H'n shown in the case of AdcrcUa^ a genus closely related to Mar- 
chnntiaj that, at the time the rijx*, antheridia open, their contents may 
be projected several centimet('rs into the air. It is not unlikely that 
tins may occur also in Marchantia. When thus launched into the air 
th(‘ male gamett^s are no doubt often carried some distance by air 
current.s and thus the chancels of their reaching an archegonial plant 
are somewhat inen^ased, but fertilization is possible only w^hen the 
surface of the archegonial plant is covered with water. 

Th(^ archegonial branch consists of a slender stalk surmounted 
by a small disc with a number of radiating and drooping ra 3 's. The 
archegonia are borne on the under side of the disc between the mys 
and hang downward. At the time when the archegonia are just 
mature the stalk of the archegonial branch is still only a few’ milli- 
meters long, but it continues to lengthen even after the archegonia 
are fcTtilized. 

The Sporoph3rte. — In Marchantia the process of fertilization and the 
('arly stagers of the development of the embryo sporophyte from the 
zygote (fertilized egg cell) are very similar to those in Riccia. The 
mature sporophyte is, however, very different (Fig. 377). Instead of 



Fig. 372. — A portion of the female 
gametophyte of Marchantia. 
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consisting merely of a sphere 
of cells of which all but a single 
outer layer become transformed 
into spores, the mature sporo- 
phyte is made up of three 
distinct parts (the foot, seta, 
and capsule) and many of its 
cells are sterile, that is, do not 
give rise to spores. The foot 
is an expanded basal portion 
which attaches the sporophyte 
to the gametophyte tissue on 
the under side of the arche- 
gonial disc. The capsule is 
similar in structure to the whole 

sporophyte of Riccia, being 
riG. 373. — A portion of tho male eamoto- V i • r 

j)hyte of Marchaniiay showing anthoridia form and consisting of 

branches and gemmae cups. The latter a single outer layer of sterile 
are also sometimes produced on the fcmalel cells within which the spores 
gametophyte. produced. By sterile cells 

is meant cells which are not 
directly concerned with reproduction. The seta is a short stalk which 
connects the foot and the capsule. 

As the embryo sporophyte develops, the venter of the archegonium 
enlarges, keeping pace with the growth of the sporophyte and forming 
an envelope called the calyptra. This is not ruptured until just before 
the complete maturity of the sporophyte, when the seta elongates very 
rapidly. Meanwhile the foot of the sporophyte penetrates the tissue 
at the base of the archegonium and this tissue grows up around the foot. 
As a result the sporophyte becomes firmly attached to the gametophyte 
and is able to absorb the water and food which are necessary^ for its 
development. Not only are the cells forming the wall of the capsule, 
as well as all the cells of the seta and foot, stcTile, but even within the 
capsule there are some sterile cells. These sterile cells which develop 
among the spores are the elaters, elongated spindle-shaped cells with 
spiral thickenings on the inner surface of the walls. The elaters arc 
hygroscopic, and after the rupture of the capsule wall they bend and 
twist in response to changes in atmospheric humidity. These move- 
ments assist in the dissemination of the spores. The position of the 
sporophyte, hanging pendent from the under side of the rays of the 
archegonial branch, is also favorable to spore dissemination, for the 
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Fig, 374. — PhotomicroKniph of a portion of the upper surface of the thallus of 
Marchantia, showing a gemma cup in which may be seen a number of gemmae. 
Notice also the coiis]ncuous openings (stomata) through the epidermis. 



Fig 375 —Diagram of half of an antheridial disk of Marchantia, showing the posi- 
tion of the anthcridia. The antheridia are essentially the same in structure as 
those of Rieria as shown in Fig. 364 and have a wall one cell layer thick, not 
shown in this diagram, within which are great numbers of sperm-producing cells. 
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Fig. 37G. — Diagram of half of an archegonial receptacle of Marchaniia, showing thr 
position of the archegonia. 



Fig. 377. — Marchantia. A, median longitudinal section of sporophyte. By sporo- 
phyte, with capsule dehiscing. In both figures, a portion of gametophytic tissue 
is shown. 
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stalk of the archegonial branch may be as long 
as 2 cm. at maturity. The spores falling from 
the open caf)sule are very likely to be carried 
away by air movements and thus distributed to 
some distance'. 

Germination of Spores and Development of 
the Gametophyte. — The de'velopment of spores 
from the spore mother cells in Marchaniia docs 
not differ in any important particular from the 
same i)rocess in Riccia. It should be borne in 
mind that in Morchantia as in Riccia all the 
stages in development from the formation of the 
zygote until the first division of the spore mother 
c(‘lls belong to the diploid plant or g('neration, 
the nuck'i of which have 2n chromosomes. The 
iiuelei of the spends have the haploid (n) chromo- 
some' number, as do all the nuck'i of the gameto- 
phyt-e plant. S[)ore germination and the develop- 
ment of the ganu^tophyte in Marchantia do not 
(liffi'r essentially from the corresponding processes 
in Riccia. 

Comparison of Marchantia with Riccia. — 378 — Elaters ( 1 ) 

The following are some of the most important and spores {fJ) of 
points of diffc'rencc' between the two liverworts Marchantia. 
thus far discaissed. 

1. The gamc'tophyte of Marchantia is considerably more differen- 
lialed than the very simpk' gametophyte of Riccia. 

2. In Marchantia. anllu'ridia and archegonia are produced on dif- 
ferent gariK'tophyte plants instead of b('ing borne on the same thallus 
as ill Riccia. 

3. Antheridia and archc'gonia are borne on special branches of the 
gaineto])hyte in Marchantia, but in Riccia are merely sunk in the tissue 
of th(' thallus proper. 

4. Tli(' s])orophyte of Marchayitia is larger than that of Riccia and 
more c.omplex. It consists of a foot which acts as an organ for attach- 
nu'iit and absorption, a stalk or seta, and the capsule within which 
the spores are formed. 

5. Much of the sporophyte of Marchantia' is made up of sterile 
cells, i.e., there is relatively much less sporogenous tissue in the 
sporophyte of Marchantia than in Riccia. Even within the cap- 
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^Jieaves 



Sporophyte with 
,^Kuptured Capsule 


Perianth 



Fig. 379. a Itvify liverwort (Porella). 
At a portion of a gamc'to- 

at right, a jiortiori of a male 
gametophyte. 


sule, some of the cells instead 
of forming spores develop into 
peculiar sterile cells called ela- 
ters. 

6. In Marchaniia there is rather 
effective provision for the dis- 
tribution of spores, whereas such 
provision is lacking in Riccia. In 
the former plant the fact that the 
sporophyte is not buried in the 
gametophyte tissue, its attachment 
in a pendent position to th(i under 
side of the stalked archegonial 
branch, the presence of a S('ta, 
and the presence of elaters among 
the spores all favor dissc'inina- 
tion. In Ricciay on the other 
hand, the spores, buried within 
the disintegration of the tissue of 


/ Columella 


the gametophyte*, escape only by 
the game* tophy te . 


OTHER LIVERWORTS 


Both Riccia and Marchantia are 
thallose liverworts, but a very large 
number of the liv(*rworts arc^ leafy. In 
the leafy forms the gametophyte 
generally consists of a more or less 
prostrate dorsivcntral stem bearing 
simple, generally close-set leaves and 
nume*re)us rhizoids. There is not so 
great a variety of tissues as in such 
thallose fe)rms as Marchantia, for 
the wheile gametophyte is made up 
of very similar green parenchyma 
cells. The leaves are a single layer of 

thick cells and have no midrib. The antheridia and archegonia, which 
are borne upon the leafy branches, am not essentially different from 
those of the forms already described. The sporophytes resemble those 



Anthoceros, showing gairiotophyto 
thalhis with attached sporophytes 
of which two (to the right) have 
split open at the ends. 
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of Marchantia, although generally the stalk or seta is relatively longer. 
Porellay one of the com- 
monest of leafy liver- 
worts, is shown in Fig. 

379. 

In all the liverworts 
thus far discussed and 
in fact in most liverworts, 
the sporophyte is para- 
sitic upon the game- 
tophyte, securing from 
it all its water and food. 

In striking contrast with 
these forms are the genus 
Anthoceros and two other 
closely related genera in 
which the sporophytes 
an^ green and able to 
carry on photosynthesis 
and thus to make their 
own food although they 
r(‘main a1tachc‘d to the 
gametophyte and are de- 
pendent upon it for their 
supply of water and of 
salts from the soil. These 
sporophytes possess sto- 
mata which rc'semble 
those of ferns and flower- 
ing plants. The sporo- 
phyte has no seta but 
consists of a foot and 
a long cylindrical capsule? 
which continues for some 
time to elongate? by basal 
growth. Thus new spores 
areiformed near the base 
while ripe ones are be- 
ing discharged at the up- 
per end where the capsule splits open. If these sporophytes only had 
rhizoids or roots by which they could absorb water and soil solutes 



Fig. 381. — Anthoceros. Aj diagram of a me'dian 
longitudinal soction of tlie basal portion of the 
sporophyto, inrluding some gamotophytic tissue 
to which the sporophyte is attached; and, to the 
right, of the apical jiart of the sporophyte. R, 
a stoma and guard cells from the sporophyte. 
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directly from the soil, they would no doubt b(^ able to carry on an 
existence quite indejxindent of the gamctophyte plants. 


THE MUSCI (MOSSES) 

The Musci include man,y more genera than do the Hepaticae. 
Furthermore, the mosses are a much more conspicuous and important 
element of the flora than are the liverworts. There is, however, much 
more uniformity in the structure of both the vegetative and reproduc- 
tive structures among the mosses than among the livcTWorts. The 
mosses are not so strictly limited to very moist habitats as are most of 
the liverworts. A few mosses are aquatic, many grow upon soil, and 
many others grow upon rocks, the bark of trees, and d(‘caying wood. 

The mature gametophyte of the mosses always consists of a stem 
having rhizoids at the lower end and bewaring spirally arranged knaves. 
These leaves differ from the leav(‘S of the leafy liv(Tworts, which arc^ 
borne in two rows, not only in their si)iral arrange^ment but also in 
having a midrib. With the exception of two ge^nera, all of the mosses 
belong to a single group, the Bryales. A single life history will b(^ suf- 
ficient to illustrate the principal features of the structure and develop- 
ment of the plants of this order. 


FUN ARIA 

Germination of Spores and Development of the Gametophyte. — The 

spores of this plant, as of most of the moss(‘s, are produccnl in large 
numb(*rs, are ver}" small, and an' easily borne to considerable dist ancc's 
by the wind. In the woods where all tli(* v(‘getation of a largc'r or 
smalk'r area has been destroyed by fires, this and other mossc's oftx'n 
arise in great numbers before' competing spc'cies of plants with less 
efficient methods of dissemination can secure a foothold. When a 
spore germinates a leafy moss plant is not produced at once. Inste^ad 
there develops a gre^en filament made up of cells wliich Ik' end to end as in 
many of the green algae. These cells have numerous conspicuous chloro- 
plasts. As this green filament grows, it branches freely and under 
favorable conditions may cover a considerable area of the substratum. 
This alga-like growth is called protonema and is characteristic of all the 
mosses. The food which makes possible tlu' growth of the; protonema 
is mostly that formed by photosynthesis carried on by the protonema 
itself, for the quantity of food contained in the minute moss spore is 
very little. 
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The leafy moss shoots (Fig. 382) arise as branches of the proto- 
ncma. Near the end of these branches an oblique wall is formed, 
cutting off an end cell. Two other oblique walls are soon formed. 
These cut the first wall and thus form an apical cell having the form 
of a three-sided pyramid of which the curved wall at the end of the 
branch forms the base. From this cell new cells are cut off by walls 
which are formed in succession parallel to the three sides of the pyramid. 
These daughter ccdls in turn undergo divisions and thus the leafy 
shoot grows. From the base of the leafy shoot numerous rhizoids 
grow out. Thes(i serve to attach the leafy shoot to the soil or other 
substratum and to absorb water and soil solutes. Thti rhizoids of 
mosses are not tubular outgrowths of superficial cells like those of most 
of th(^ liverworts, but instead filaments of cells with cross walls which 
are often oblique. The rhizoids branch freely, and under favorable 
conditions they may give rise to a new protonema. 

Th(' leafy shoots are what we speak of as moss plants and they are 
the most conspicuous part of the gametophyte. They are, however, 
ill reality', simply branches of the gametophyte and many leafy shoots 
may arise from a protonema which has de^veloped from a single spore. 
\\’ithin the ste'in and in the midribs of the leaf there are somewhat 
elongated ccdls which are apparently adapted for water conduction. 

Th(' garnet angia (archegonia and antheridia) (Figs. 383 and 384) 
are produc(‘d in groiqis at the ends of the k'afy shoots. Though formerly 
it was b(‘liev(‘d that in Fvnaria antheridia and archegonia are never 
])rodiic(‘d on the same gam('tophyt.(' plant, it has been shown that the 
leafy shoots which bear the antheridia develop first and that the shoots 
b(‘aring th(' archegonia develop later as branches of th(' shoots which 
bore anth(‘ridia. TIk'R' an*, however, mosses which bear only antheridia 
or only archegonia on a single gametophyte. In these species half of 
th(* sjxires produced give rise upon germination to a protonema which 
will i^roduce only archegonia-bearing shoots, while the remainder of the 
spores when they germinate will form a protonema with antheridia- 
bearing shoots. In Funaria the shoots bearing antheridia are easily 
recognized ev(m without the use of a lens, for the leaves surrounding 
the t(Tminal cluster of antheridia are spread somewhat like the petals 
of a flow^(*r. Th(^ grouj) of antht^ridia can be seen as a distinctly orange 
spot in the center of the “flower.” 

The Antheridia and Archegonia. — Although of different form the 
antheridia of Funaria and other true mosses are essentially the same in 
struct iin^ as those of the liverworts. The cells forming the wall of the 
antheridium contain chloroplasts which become orange red (chromo- 
plasts) when the antheridium ripens. The sperms are biciliate as in the 
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liverworts, whereas in the ferns and horsetails, two groups of the Pteri- 
dophyta, they are multiciliate. In another group of the Pteridophyta, 
the club mosses, the sperms are, however, biciliate as in the Bryophyta. 
Among the antheridia grow club-shaped, multicellular sterile hairs or 
paraphyses with conspicuous chloroplasts (Fig. 384). Paraphyses of a 



Fig. 382. Fig. 383. 


Fig. 382. Portion of a gametophyto and attached .spor()phyte of a common moas, 

Funana hygrmnetrica . 

Fig. 383. — Fvnaria hygrometricn. Longitudinal section of tip of a female gameto- 
phore, showing archogonia. (liedrawn from Sachs.) 

different type are found among the archegonia at the tips of the arche- 
gonial branches. 

The archegonia have a conspicuous stalk and although they are 
essentially the same in structure as the archegonia of Uie liverworts 
they differ from them in having a longer neck and a larger number of 
neck canal cells (Fig. 387). 

As in the liverworts, the opening of the antheridia and archegonia as 
well as the accomplishment of fertilization can take place only when the 
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plants are wet. This is only one of several characteristics of the mosses 
which have been thought to indicate the aquatic origin and relatively 
imperfect adaptation of the mosses to life on land. Motility of the 
sperms or male gametes is a characteristic retained in all the ferns and 
fern allies and even in some primitive seed plants. It has been shown 
that, in some mosses at least, the sperms are chcmotactic toward 



Fig. 384 . — Funaria hygrometrica. Longitudinal section of tip of a male gainetophore 
showing antheridia and paraphyscs. (Hedrawn from Sach.s.) 


certain substances, cane sugar for example, given out. from open arche- 
gonia and are thus guided toward archegonia ready to be fertilized. 

The Sporophyte. — The nucleus of the moss spore and the nuclei of 
the cells of the protonema, leafy shoots, gametangia, and gametes 
have n chromosomes. The fertilized egg cell or zygote, howevtT, has 
the 27) chromosome number since it contains chromatin of t wo gametes. 
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Immediately after fertilization the naked zygote of Funaria produces 
a cellulose wall about itself and the formation of an embryo sporophyte 
begins. Growth and repeated cell divisions result in the formation of 
a spindle-shaped embryo with an apical cell at the 
upper end (Fig. 388 C). As this continues to grow 
the venter of the archegonium kc^eps pace with it, 
forming an envelope called the calyptra. Soon 
there begins a differentiation of the embryo sporo- 





Fig. 385 . — Funaria hyqrnmetrica. A, maturo antlKTicliurn discharj^mc; its sperms. 
These arc at first held together by inueilage from the disorgamz(‘(i walls of the 
sperm -prod ucang e(‘lls Li, a sperm stdl lield iii th(‘ mueilag(\ a spcTin fna; 
from the mueilage. The chromoplasts shown m the wall cells of the aiitheri- 
diurn (.1 ) are orange in color. 

I’lG 38t). - A single paraphysis from a group of Funaria anthendia. The oval bodies 
in the cells are chloroplasts. 

Fig. 387. — A mature archegonium of Funaria. 


phyl(i into foot, seta, and ctijisuk*. The foot p(‘iietrates through the 
base of the venter of the archegoiiiuiii into tb(‘ apex of the leafy shoot. 
The seta becomes long and slendiir, and within it tht‘re is differentiated 
a central strand of elongated cells. It is when the seta elongates very 
rapidly, a short time b(^for(‘ maturing of the sporophyte, that the base 
of the calyptra is torn away from the gametophyte. It remains for 
some time as a cap or hood ovit the capsule. 
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The capsule of Funaria and related mosses is a structure of much 
gn^ater complexity than any yet met with among liverworts and mosses. 
It is approached in this respect only by the capsule of Anthoceros and a 
few closely related genera. It has a definite epidermis with stomata, 
a layer of chlonmchyma, and a complicated provision for opening the 
capsule and scattering the spores. The part of the capsule devoted to 
spore production is relatively very small. Fig. 890 shows th(' principal 
features of the anatomy of a mature capsule from which the calyptra 
has been removed. The outer layer of tissue is the epidermis, the cells 
of which have much thickened outer walls as in the flowering plants. 
It is in the epidermis of 
the basal portion of the 
capsuk* that stomata are 
found. In early stages 
of their development the 
stomata are similar in 
structure to those* of the 
flowering plants, al- 
though w^hen they are 
fully develo[K*d the cavi- 
ties of the guard cells 
communicate with each 
other. Bem'ath the epi- 
dermis are s(*v(*ral layers 
of wall C(*lls, and next to 
this a zone of very large* 
int(*rc(*llular spac(*s cross- 
ed by branched filament s 
of gr(*en cells. The C('nt(*r of the u]^i)(*r part of the capsule is made up of 
a more or less c^dindrical mass of delicate, colorless, parenchyma cells 
calk'd the columella. Just outside the columella is a narrow zone of 
sporogenous tissue and between this and the loose chlorenchyma are 
s(*veral layers of compact cells which supply food to the developing 
spores. It will be seen from the figure that the quantity of sporogenous 
tissue is very small as compar(*d with the sterile tissue. As in the liver- 
worts and in practically all of the ferns and their allies, and in the flower- 
ing plants as well, the spores are produced in tetrads, or groups of 
four. Each such group of four spores is derived from a single spore 
mother cell. Their formation is preceded by two nuclear divisions, of 
which the first is a reduction division. The spore mother cell is the last 
stage in the life cycle in which there are 2n chromosomes; it is the 







Fig. 388 . — Early stages in the dovolopmont of the 
spor()phyt(‘ of Funaria from the zygote. A, after 
the hrst division of the* zygotc’, the two-celled 
embryo still within the venter of llie archegonium. 
B and (\ later stages; in tliese the archegonium 
venter has not Ikh'ii shown, (r, drawn from a 
preparation of D. II. Campbdl.) 
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end of the sporophyte generation. The spore nuclei have n chromo- 
somes. 

The upper end of the columella is a dome-shaped mass of parenchyma 
cells which projects out from the main mass of the capsule. This part 
of the columella is not surrounded by a layer of sporogenous tissue but 



Fig. 389. — Tip of a femalo gametophyte branch and advanced sporophyte as seen in 
longitudinal section (semi-diagrammatic). The shaded structure is the sporo- 
phyte. (Adapted from Sachs.) 


by several layers of sterile cells which form two peculiar structures, the 
operculum and the peristome (Fig. 390). The operculum is a cap made 
up of the four or five outermost layers of cells. When the capsule is 
mature and begins to dry up, the operculum is loosened from the tissues 
beneath it by a breaking down of certain thin cell walls, and it soon 
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falls off. Later a double fringe of long triangular teeth, the peristome, 
is formed by radial and tangential splitting of the layer of tissue just 
below the operculum and just outside the rounded extremity of the 
columella. The edge or rim of the capsule to which these teeth are 
attached is made up of thick-walled cells and is called the annulus. 
By the time the spores are ripe and the operculum has been lost, most 



Fig. 390. — IjongitudinnI section of the capsule of the sporoj^hyte of Funaria 

hygrometrica. 


of the thin-walled cells within the capsule, including those of the colu- 
mella, collapse, leaving a cavity which is filled with a loose mass of 
spores. The peristome teeth are rough by reasop of the attached frag- 
ments of cell walls and they are highly hygroscopic. When they are 
wet or the atmosphere humidity is very high, the peristome teeth bend 
inward and reach into the cavity of the capsule. When they become 
dry they straighten out and lift out some of the spores which then are 
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disseminated by air movements. If a spore comes to rest on a moist 
substratum and if the conditions of illumination and temperature are 
favorable, it germinates and forms a protonema as already described. 

The Life Cycle. A Summary.— The life cycle of F unaria may be 
summarized in a few brief statements: 

1. Germination of the spore from which develops a branched fila- 
mentous, alga-like growth called the protonema. 

2. The formation of sf3ecial protonema branches, and the setting 
up of an apical cell at the end of each branch. 



Fia. 391. - A portion of tho pc'ristomo of a Funaria capsule*, showing several )f the 
inner and of the out-er peristome teeth. 

3. The growth of each of these branches or “buds” into a stem b(;ar- 
ing rhizoids at the 1ow(t end and siiiiplt; knaves above. 

4. The formation at the tij) of some of the kiafy shoots of groups of 
antheridia and paraphyses. 

5. Th(» formation at the tips of other shoots (originating in Funaria 
as branches of shoots which formerly bon^ antluTidia) of groups of arche- 
gonia and paraphyses. 

6. The opening of antheridia and archegonia during a period when 
the plants are wet, and the escape of the sperms. 
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7. Swimming of some of the sperms to the archegonia whither they 
are probably directed by certain substances which diffuse outward from 
the open archegonia. 

8. Fertilization, followed by the formation of a cv\l wall about the 
zygote. The zygote nucleus and all the nuclei of the sporophyte genera- 
tion have 2n chromosomes. 

9. The development of the zygote by growth and cell divisions into 



Fig. 392. — Diagram showing the life eyele of a typical moss (Funarin). 1, the 
lt*afy gamet-oi)hyt(* plant (gametophore), showing an anthendial and an arche- 
gonial l)ranch 2a and 26, an archegonium and an antheridiurn with mature egg 
and sperm. 3a and 36, an egg and a sperm. 4, the zygote resulting from their 
fusion. 5, a young embryo sporophyte within the venter of the archegonium. 
6, sfiorophyb' in advanced stage of development, attairhed to the gametophyte 
and surroundc^d by the enlarg(‘d archegonium. 7, mature sporophyte attached 
to the gametophyte. 8, section of the spiorophyte cajisule showing the location 
of the spore mother cells. 9, spore mother cell. 10, two cells resulting from 
reduction division of the spore mother cell. 11, tetrad of spores resulting 
from division of the two cells. 12, a single spore. 13, gi'rminating spore show- 
ing protonemal thread and rhizoid. 14, young gametophyte plant showing the 
buds which develop into leafy shoots of the gametophyte. The stages from 
4 to 9 belong to the sporophyte generation. Those from 10 to 3 to the game- 
tophyte generation. 


an embryo sporophyte which is enclosed by the enlarged archegonium 
venter (calyptra) until just before the maturity of the sporophyte when 
the calyptra is torn away from its attachment to the leafy shoot. 

10. The development of the embryo into the mature sporophyte 
consisting of (a) the foot which penetrates the tip of the stem of the 
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gametophore and serves as an organ of attachment and absorption, 
(6) the seta or stalk and (c) the capsule, a complex structure within which 
the spore mother cells are produced but which is mostly made up of 
sterile tissue. 

11. The two successive divisions of each spore mother cell to form a 
tetrad of spores. The first division of the spore mother cells is a reduc- 
tion division and marks the end of the diploid or sporophyte phase and 
the beginning of the haploid or gametophyte phase in which all the 
nuclei have n chromosomes. 



Fig. 303. — Sphagnum moss. A, portion of leaf in eross seetion; 7?, portion of leaf 

in surface view. 

12. The drying out of the capsule, the loss of the operculum or cap- 
sule C()V(‘r, and the escape, assisted by th(» hydroscopic movements of the 
peristome teeth, of the spores. 

In Fig. 392 the life cycle of such a moss as Funaria is represented in 
the form of a diagram. 

THE SPHAGNUMS 

Distinctly different from Funaria, which is typical of most mosses, 
are the sphagnums or peat-mosses. These btdong to a single genus 
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and are mostly restricted to the swampy land in the vicinity of northern 
lakes where they often cover large areas and form '‘peat bogs/' Th^ 
leafy shoots are of a much paler color than those of the common mosses. 
When dry they can absorb great quantities of water or other liquids. 
This fact led to the use of dry sphagnums during the world war as a 
substitute for absorbent cotton in certain kinds of surgical dressings. 

The principal particulars in which th(i members of the genus Sphag^ 
num differ from such common mosses as Funaria, are : 

1. The protonema is an irregular flat thallus instead of a system of 
branching filaments. 

^ Operculum 



Fj(j. 394. a raaturr sporophytr of ^phaqimm in lonp;itu(lin;il srrtion showing its 
attachment to the tij) of the gametophyte branch. 


2. Most of the leaves, except when very young, consist of a network 
of small chlorophyll-bearing cells, the spact's Ix^tween which are filled 
by large empty cells which generally have a circular opening in the cell 
wall (Fig. 393). It is these large colorless cells which are responsible 
for th(' light green color of the leaves and it is chiefly because' of the 
presence of these large empty cells that dry sphagnum has so great a 
capacit.y for the absorption of liquids. 

3. The sporophyte has no seta but is raised somewhat by the elonga- 
tion (pseudopodium) of the tip of the gametophyte stem below the 
region to which the foot is attached. The sporogenous tissue surrounds 
not only the sides of the columella but the upper end as well. 
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SUMMARY OF THE BRYOPHYTA 

The forms which have been described in this chapter, although 
they are not to be considered as successive stages in evolution, do 
illustrate in all probability some of the principal steps which took place 
in the evolution of the sporophj^te. The following is a summary of the 
most significant facts to be learned from a brief study of the Bryophyta: 

1 . Although certainly not aquatic plants like their probable ancestors, 
the algae, the Bryophyta show evidence of their origin from aquatic 
plants and of tht'ir incomplete adaptation to life on land. 

2. The single most imi)C)rtant distinction between these plants and 
the algae is the alternation in the life cycle of all of them of a s('xual 
(gametophyte) generation with nuclei having n chromosomes and an 
asexual (sporophyte) generation whose nuclei have 2n chromosome's. 

3. The adoption of a land habitat by these plants has iK'cevssitated 
certain structural and physiological adaptations to the great difference 
in the environment of land plants and that of submerged aepiatics. 

{A) The most important points of difference between the aquatic 
and the terrc'strial habitats are : 

(a) That on land only part of the' plant is in contact with a 
medium (the soil) from which it can absorb water and 
essential salts. 

(1)) That, the land plant is partly ex}>.)S(‘d to a m(‘dium (the atmos- 
phere') to which it is continuously losing water. 

(c) That whereas aepiatic plants (submeTgc'd) are* largely sup- 

port('d (buoyed up) by wateT, th(‘ atmosph(*re does not 
yield any appreciable' mechanical sui)portr to the parts of 
land i^laiit which grow in the* air. 

(d) That, on account e)f the* low specific gravity e)f the* atme^sphere* 

it, is a le'ss efricie'iit age'ucy for elistribution of gaine'tes and 
many spores than is wate'r. 

(B) Some of the principal characteristics of the Bryophyta and e)f 
higher land plants which are* apj)are'ntly related to the'se' differences in 
environment are* : 

(a) Special structure's for the absorptiem of water and minerals 
from the se)il are de'vele)pe'el by all t^qacal lane! plants — the 
rhize)id of le)wer land plants (Brye)phyta) and the roots aiiel 
root hairs of ferns and fie)wering plants. The rhizoids e)f 
the Bryof)hyta are, however, not very efficient organs for 
water absorption. 
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(b) The parts exposed to the air are protected from excessive 

water loss by the production of a superficial layer (epi-^ 
dermis) having an outer wall which, with its cuticle, is very 
resistant to the passage of water vapor. It is important 
that this should not prevent the entrance of the gases 
n('cdod for photosynthesis and respiration. The epidermis 
among the higher plants, accordingly, has openings through 
it, called stomata; these are also found in the epidermis of 
the sporophyte of some liverworts (Anthoceros) and mosses. 
In all but the smallest land plants there are conductive 
tissues which provide for the rapid transfer of water from 
thc‘ water-absorbing structures to the parts exposed to the 
dry atmosphere. 

(c) The more primitive land plants either grow prone upon the 

ground or, if erect, seldom attain a height of more than a 
(!eniimet(T or two, since they are lacking in mechanical 
tissue. Higher land plants have dcweloped mechanical 
tissues and some of them are able to support a stem hun- 
dreds of feet high. 

(d) In iho Bryophyta and in the Pteridophyta as well, fertiliza- 

tion can tak(‘ place only when the gamc^tophytes are wet, 
becaus(^ th(^ six^rms can move only in water. By various 
inc'ans the spore's of land plants an^ adaptexl to efficient 
dissc'mination by air instead of water. Small size' and the 
d(‘V(‘loj)m('nt of ridgc'S or spines on the outer spore wall are 
among the ])rincipal j)rovisions which favor wide distri- 
bution by air currents. The discharge of spore's into the^ 
air from e'levateel structures, such as the long-stalke'd 
ca])sule's of the mosses and many liverworts, makes it 
more likely that they will be carried to some distance by 
air currents be'fore' the'y fall to the ground. 

4. In all the' Brye)phyta the gamed.ophyte is ^‘the plant, that is t,o 
'iiiy, the gaiiK'tophyte' is tlu' conspicuous and independent plant, whicli 
alone is able' t,o absorb wat.('r anel to which the function of food manu- 
facture is entire'ly or large'ly n^stricted. It is ame)iig the' Bryophyta 
(in Marchantia and similar live'rworts and in the' mosses) that the ganu'- 
t.ophyt,e re'aches its higlu'st. de'velopme'iit among j^lants. There' is a 
vvell-devele)ped epidc'rmis with spe^cialized air pores in Marchantia^ and 
rudimentary conductive tissue in the mosse's. The gametophyte at its 
Ik'sI., however, ne'ver becomes an efficient land plant. 

5. Among living bryoi)hyl.('s the sjxjroiJiyte ranges in comi)lexity 



496 


EMBRYOPHYTA-THE BRYOPHYTA 


from that of Riccia, which consists of a mass of spores with a single 
surrounding layer of sterile cells and which has no provision for spore 
dissemination, to the complex sporophyte of the mosses, in which spo- 
rogcnous tissue is much rcducc'd and tissues for photosynthesis and 
special provision for spore dissemination are present. Howev(!r, the 
sporophyte ’s possibilities of development an' limited by reason of the 
fact thati it is restricted in the quantity of water and salts it can secun; 
by the limited ability of the gametophvte for absorption and conduction. 

6. In the next class, the Ptcridophyta, the gametophyte is even sim- 
pler than in the Bryophyta, but the sporophyte* is much more complex 
than in the mosses and liverworts. Moreover, it develops entirely new 
sporophj'te organs, a root and a stem with leaves. The prc'sence of a 
root makes it possibles for the sporophyte to secure adequate; supplies 
of water and salts, and thus to become a structure of great size and 
complexity. 



CHAPTER XIV 


EMBRYOPHYTA 

PTERIDOPHYTA (FERNS AND FERN ALLIES) 

GENERAL CHARACTERISTICS 

The ferns and their allies constitute a large assemblage of plants 
which have certain resemblances to the liverworts and mosses on the 
one hand, and to the seed plants on the other. They resemble the 
Bryophyta in the following important particulars: (1) They produce 
ciliated male gametes; (2) they require water in order that fertihzation 
may take place; and (3) they have gametangia which are essentially of 
the same structure as those of the hverworts and mosses. They resem- 
ble the Spermatophyta in that their sporophytes all have roots and can 
therefore live independent of the gametophytc, and in that they possess 
well developed vascular tissue. 

We have seen that in the Bryoph 3 d.a the sporophytc is entirely 
dependent for its supply of water and mineral salts upon the gameto- 
I)hyt.e, which alone possesses organs (rhizoids) for absorbing water and 
soil solutes from the soil. In many of the Bryophyta the sporophyte is 
unable to manufacture any of its own food, even when supphed by the 
gametophytc with these raw materials. But there is a certain approach 
to independence of the sporophyte in Anthoceros and in most mosses. 
The sporophytes of these plants have developed chlorophyll-bearing 
tissue and could probably live entirely independently if they possessc'd 
rhizoids or a root. 

It is within the Pteridophyta that complete independence of the 
sporophyte is first attained. Although the sporophyte of the ferns 
and fern allies is at first attached to the gametophytc by a foot and is 
for a short time dep(mdent upon it for water and food as well, it soon 
develops a root which attaches it directly to the soil. By virtue of 
having a root, the sporoph>d,e is no longer dependent upon the gameto- 
phyte for its supply of water and mineral salts. Moreover, food-manu- 
facturing tissue also is well developed in the sporophyte, so that this 
generation has attained complete independence. 

The Pteridophyta have carried tissue differentiation in the sporo- 
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phyte much further than any of the Bryophyta. The sporophyte has, 
among other specialized tissues, a well-developed vascular system. 
This, together with an efficient epidermis, abundant chlorophyll-bearing 
tissue, and a root which can penetrate into the deeper and relatively 
moister layers of soil, has enabled it successfully to carry on an inde- 
pendent terrestrial existence, which is not possible for the sporophyte 
of any of the Bryophyta. 

The roots of the Pteridophyta and Spermatophyta, although per- 
forming the same functions as rhizoids, are far more complex structurally 
and are capable of indefinite growth. 

As to the origin of the Pteridophyta, it is the generally accepted 
opinion that they and the mosses represent two distinct lines of develop- 
ment from some liverwort ancestor. The mosses have the most com- 
plex and highly differentiated sporophyte of any existing plants below 
the Pteridophyta, but there is little ground for the assumption that the 
Pteridophyta have arisen from the mosses even though the mosses 
are in some respects intermediate between the liverworts and the ferns. 

A study of fossil plant remains reveals the fact that the ferns and 
their allies appeared on the earth earlier than the seed plants. During 
the carboniferous period (geological age when the gn^it coal beds wert^! 
deposited) they were very abundant; in fact they dominated the 
vegetation of that time. 

The following are the principal groups of Pteridophyta which exist 
upon the earth today: 

1. The Lycopodineae (Club Mosses). 2. The Dquisetineae (Horse- 
tails). 3. The Filicineae (Ferns). 


THE FERNS (FILICINEAE) 

Although probably both the club mosses and the horse-tails arose 
before the ferns by evolution from lower plants and are to be considered 
as older than the ferns, we shall use as our first and principal pterido- 
phyte type a representative of the Filicineae, which is the largest group 
of the living Pteridophyta and includes the most familiar plants of this 
division of the plant kingdom. 

Distribution and Habitat. — Ferns are widely distributed over the 
surface of the earth. They flourish most luxuriantly in moist, shady 
habitats, but there are some species which grow in very dry situations. 
Ferns reach their greatest size in the tropics, where certain tree ferns 
grow to a height of 15 meters or more. The stems of such tree ferns 
are erect, woody, and unbranched, and each bears at its apex a cluster 
of compound leaves (fronds). Most of the ferns, however, have a 



THE FERNS (FILICINEAE) 


499 


horizontal or short erect stem (rhizome) which is developed under- 
ground. 

Life History of Poljrpodium. — This genus is selected as a type for 
detailed discussion because it is widely distributed and its life history 
is quite representative of the ferns with which we are most familiar. 

The familiar fern plant, as we know it, with its roots, stem and leaves 
(fronds) is the asexual or sporophyte generation. The cells of this 



Fig. 395. — Sporophyte of Christmas fern (Polystichimi)^ showing the horizontal 
rhizome* iM’aring at the tip young coiled leave's, the exjianded le'ave's of the pre'- 
vieius se'ason, eaeh with a stalk or stipe prolonged to form the rae'his from w^hich 
pinnae' (le'aflets) arise late'rally, and the fibrous roots which arise* freirn the lower 
side of the rhizome'. The older parts of the stem are covered with the petioles 
of dead leaves. (After Curtis.) 

generation have nuclei with the diploid (2/i) number of chromosomes. 
The sexual or gametophyte generation is a small independent plant 
which is dt'void of roots, stein and leaves, is seldom more than a few 
millimeters in diarntTer, and is even simpler in structure than the game- 
tophytes of mosses and most liverworts. It is often spoken of as a 
profhallium (Fig. 397). The (jells of the gametophyte generation have 
nuclei with the haploid (n) number of chromosomes. 
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Spores. — There often occur, on the under side of the frond, brownish 
dots,” which are clusters of sporangia or spore cases. Within each 
of these cases there are a number of spores. 

In Polypodium all the spores are similar in size and appearance, 
and accordingly Polypodium is said to be homosporous, in contrast 
to those pteridophytcs which produce two kinds of spores differ- 
ing in size and in other respects and which are therefore said to be 
heterosporous. 

Spore Germination. — ^Thc spores of Polypodium have two coats or 
wall layers. The outer layer (exine) is hard, brown, and rough; the 
inner (intine) is thin and delicate. Under favorable conditions of 
moisture and tempera- 
ture, water is absorbed 
by the spore, the exine 
is ruptured, and the 
spore contents, sur- 
rounded by the intine, 
protrude as a short 
tube. 

This germination 
tube is cut off by a cell 
wall as a stout, green 
cell, at the base of which 
the first rhizoid appears. 

By rapid growth, the 
cell elongates and soon 
by divisions in one plane 
comes to form a row of 
green cells. 

The Gametophyte 
(Prothallium). — After a 
time, the terminal cell of 

this short filament becomes divided by an oblique wall into two cells 
of unequal size. This division is succeeded by the formation of a 
similar oblique wall in the larger of the two cells. There is thus formed 
an apical coll which is triangular in longitudinal section. This divides 
by the formation alternately of walls parallel to (^ach of the original 
oblique walls. By the divisions of this apical ccJl thf' prothalliuin 
develops into a flat, green plate of cells. If growth is unhampered, the 
structure becomes more or less heart-shaped, with the apical c(dl at 
the bottom of the notch. During its growth, many unicellular rhizoids 
are developed on the under (ventral) surface. The mature gametophyte 



Fig. 396. — Early stages in the levclopment of the 
gametophyte of Poly podium. (See explanation in 
text.) 
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is one layer of cells in thickness, except in a region just back of the 
apical notch, where a cushion of cells is formed. 

In Polypodium and in most other ferns, each prothallium bears both 
antheridia and archegonia. Some species, however, have the male 
and female gametangia on different gametophytes. In such species, 



Fig. 307. Mfitiin* (prothallium') of forn, as seon from the ventral 

surface. 


for example in Onoclea, the anthoridia-bearing or male gametophytes 
arc frequently smaller than the archegonial or female gametophytes. 

The gametangia arc borne on the ventral surface of the gametophyte, 
the antheridia being scattered among the rhizoids, and the archegonia 
are located just below the apical notch, where the prothallium is several 
cells thick. The antheridia develop earlier than the archegonia. 
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Antheridia. — The antheridium is spherical in shape and is not 
stalked, as are the antheridia of the Bryophyta. It consists of a single 
layer of chlorophyll-bearing cells, enclosing a group of sperm mothei* 
cells, usually thirty-two in number. Each of these sperm mother cells 
develops into a sperm, a spirally coiled structure consisting mostly of 
nuclear material, and bearing, not two cilia, as in the Bryophyta, but 
a large number. 

Archegonia. — The archegonium is a flask-shaped structure resem- 
bling that of the bryophytes except that it is shorter and that the 
venter is embedded in the tissue of the gametophyte. There are one 
or two neck-canal cells, a single ventral-canal cell, and a large egg cell. 
At maturity, the neck-canal cell or cells and ventral-canal cell disinte- 
grate into a mucilaginous mass, and a passageway is formed to the egg. 






Fig. 399. 

Fig. 398. — Antliencha of a tnie fom, one showing rscapp of sperms after rupture of 
antheridium wall. (After Atkinson.) 

Fig. 399 . — Onoclea stndhioptens. Ripe sp(Tm, the nucleus black. (After Steil.) 
Fig. 400. — Mature archegonium of a true fern. 


Fertilization and Embryo Development. — The rupluring of the arche- 
gonia and antheridia lakes place only in the presence of water, as 
described in the case of Bryophyta; the inucilaginous material in the 
neck-canal cell of the archegonium sw^ells and the cover ctdls opea 
The sperms are set free from the antheridia in the presence of water. 
They swim to the neck of the archegonium, and move down the neck- 
canal to the egg. A number of sperms may be attracted to one arche- 
gonium and may pass down the neck-canal, but only one fuses with the 
egg. The zygote remains in the venter and germinates there. 

It has been shown that the principal substances which attract the 
sperms to the egg in the species studied are malic acid and its salts. 

At fertilization, the number of chromosomes is doubled so that the 
zygote has 2n chromosomes and hence is to be considered as the first 
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cell of the sporophyte generation. In the diagrams in Fig. 409 are 
shown gamete fusion in the fern, the doubling of the chromosome num- 
ber to 2n at the time of zygote formation, and the reappearance of 2n 
chromosomes which occurs at mitosis of the zygote nucleus and all other 
divisions of 2n nuclei previous to the reduction division. The diagram 
applies as well to the same processes as they occur in seed plants and 
most other plants having alternation of generations. 

After fertilization the zygote begins its development into “ the fern 
plant ’’ (sporophyte). It forms a wall about itself and by two suc- 
cessive divisions becomes a four-celled body. This is spoken of as the 



Fig. 401. Stages in the develo])mcrit of the fern si>oroi)hy(c. 


quadrant stage of (‘inbryo development. From these four (]\iadranls, 
four distinct primary growing points are formed, from which are devel- 
oped the primary organs of the embryo, namely: 

1. Th(‘ foot, which is a mass of small tH'lls embedded in the tissue 
of the protliallium, and which absorbs food and water for the 3 mung 
embryo from the prothallium. 

2. The rootj which grows downward into the soil. 

3. The Drimary leaj\ which is a temporary organ little resembling the 
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permanent leaves but serving as the first photosynthetic organ of the 
sporophyte. 

4. The stem, which becomes the rhizome from which the fronds and 
adventitious roots arise. 



Fig. 402. — Prothallia of a fern. Note the leaves of the three young Hi)orophytes. 


Fust Leaf 


/Gametophyte 
„Stem 


These' organs dc^velop in the order given. In the early stages of 
embryo development the young sporophyte is (‘ompletely parasitic upon 

the gametophyte, just as in the (^ase of 
th(' liverworts, obtaining its food and 
wat('r through the foot. Howevc'r, as 
soon as the primary root and leaf are de- 
velopt'd, it be(^oiTU's an indc^pendent or- 
ganism. The gam(4.()pliyte soon withers 
and then the foot ceases to function. Of 
the four strindures mentioned, only the 
stem (rhizome) is permanent. It soon 
dev(4ops leaves (fronds) and advf'ntitious 
roots, and tlie primary root and primary 
leaf di('. 

The Mature Sporophyte. The Stem 
(Rhizome). — In Polypodium, as in most 
common ferns of temperate regions, tlu^ 
stem or rhizomci is subterranean and 
generally grows horizontally a few inches 
beneath the surface of the ground. It 
usually branches sparingly, and at the ends of these branches are the 
terminal buds which are protected, jis a rule, by a dense growth of scales 
and (‘i)idermal hairs. Increase in length of the rhizomes continues 



'^Rhizoids 

'"'Secondary Roots 
Pnmary Root 

Fig. 403. “Fern sporophyte after 
its root has enti'reii the soil 
and its first leaf has Ijcgun to 
carry on photosynth(>sis but 
before the di'ath of the gami*- 
tophyte. 
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from year to year by growth of these buds. Hence, the rhizome is 
perennial. Each year new adventitioas roots arise from the lower 
side of the rhizome and new leaves from its upper side. The leaves 
generally die at the close of each growing season. Examination of 
the other portions of the stem shows them to be covered by the bases of 
the petioles of dead fronds. By the death of older parts of the 
rhizome, branches be(;ome disconnectcid from the main rhizome and 
continue their development as separate new plants. In this way vege- 
tative reproduction is accomplished. Ferns are propagated commer- 
cially both by division of the rhizomes and by sowing spores and later 
transplanting the young sporophytes after they have become indepen- 
dent of the gametophyte. 

The stem of ferns is much more complex in structure than any organ 



found in the Bryophyta. Its outstanding structural feature is a water 
and food-conducting system (vascular system). A cross s('ction through 
the internode of the rhizome of Polypodiurn show's the following tissues : 

1. Epidermic . — This consists of a single layer of thick-walled cells. 

2. Mechanical Tissue . — Just beneath the epidermis are several 
layers of sclerenchyma cells, and there are two or three distinct masses 
of this tissue nearer the center of the stem. 

3. Vascular Bundles . — A varying number of these, some large and 
some small, are found near the center of the stem. They are separat(‘d 
from each other, and each is surrounded by an endodermis. The vas- 
cular bundles possess pericycle, xylem and phloem, but no cambium. In 
the bundles, the phloem surrounds the xylem. The vascular bundles 
or their branches extend throughout the leaves and roots. 
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4. Parenchyma Tissue . — This forms the ground tissue of the stem. 
The principal function of this tissue is storage of food and water. 

The Root. — The roots are small and fibrous, and except for the 
primary root, which soon dies, all roots are adventitious and arise from 
the lower side of the stem. They originate not at the surface of the 
stem but deep in the stem tissue, just as branch roots of the seed plants 
have their origin deep in the tissue of the main root. The roots have 
root hairs and a root cap. The structure of the root is similar to that of 



Fig. 405. — Photomicrograph of ii single vjiscnlar bundle from the cross section of n, 
rliizomci of :i s|)ecies of Polypodium^ shown in Fig. 404. 


other vascular plants. There is a single, central stele, surrounded by a 
broad (cortex which often contains much sclenuichyma tissue. 

The Leaf. — The frond of Polypodium and most common feriLS con- 
sists of a stalk or petiole, which is prolonged to form th(^ rachis, from 
which arise laterally a number of pinnae (leaflets). Leaf primordia 
may be observed as small swellings near the growing point of the rhizome. 
These leaf primordia grow very slowly, in fact in some species it is not 
until the spring of tlie third year following their origin that the leaves 
appear above the ground. 

Fern leaves continue to grow at the apex until their full size is 
reached. In this particular they differ from the leaves of seed plants, 
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in which growth is apical only while the leaves are very young. They 
are of much the same structure as those of seed plants, having an upper 
and lower epidermis, stomata, chlorenchyma tissue, and vascular 
bundles (veins). The stomata are usually confined to the under surface. 
The chlorenchyma is generally not sharply differentiated into palisade 
and spongy parenchyma. 

The Sporangia. — The sporangia of Polypodium grow in groups on 
the under side of the leaves, which are accordingly spoken of as sporo- 
phylls. The sporangia form small, brownish groups called son (singu- 



Fig. 400. — Cross soction of forn loaf, through a sonis. Note the epidermal layers, 
chlorenchyma and veins of the leaf, as in higher plants. Diffi'reiit viinvs of the 
sporangia an; shown. (Redrawn from Kuy.) 


lar sorus). In (‘certain hums the sorus is covered by an outgrowth from 
the sporophyll called the indusium (Figs. 406 and 416). 

In Polypodium all the fronds bear spores; that is to say, the functions 
of photosynthesis anti spore production arc combined in all the leaves 
and th(ire is no diffenmtiation into sporophylls and v('getative leaves. 

In Polypodium each sporangium consists of a stalk and a capsule. 
The wall of the capsule is composed of a single lay/T of thin-walled c(41s 
except for the annulus, a row of cells extending from the stalk over the 
top of the capsule and part way down the other side. The inner and 
radial walls of the cells composing the annulus are much thickened, 
while the outer walls are relatively thin. This strm*tural arrangement 
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is of importance as will be seen when the opening of the sporangium is 
described. Between the end of the annulus and the stalk are a few 
thin-wallcd cells, two of which, the lip cells, are narrow and radially 
elongated. At maturity the sporangium wall splits between these two- 
lip cells. 

In Polypodium the sporangium originates from a single epidermal 
cell. By repeated division of this cell, the sporangium is developed. 
Besides the single-layered wall there are one or two layers of cells forming 
a nutritive tissue known as the tapetum (Fig. 408), and a central mass of 
sporogenous tissue. The sporogenous tissue (tissue which is to give rise 



Fig. 407 — Surfaco view of a sporangium of Pohjpodium, before dt'hiseence. The 
spores within the capsule can be seen through th(* transparent wall which con- 
sists of a single layer of thin-walled cells. (AdapU'd from drawing by D. H. 
Campbell.) 


to the spores) of each sporangium becomes organized into a number 
(usually sixteen) of large cells, ricdi in protoplasm, which are called 
spore mother cells. By two successive divisions, the first of which is a 
reduction division, each spore mother cell forms a tetrad (group of four) 
of spores. 

Soon after the formation of the spore mother cells, the walls of the 
tapetal cells break down and the spore mother cells come to float in 
the tapetal protoplasm whicdi escapes into the cavity of the sporangium. 
The spore mother (tells and later the young spores absorb food from the 
tapetal protoplasm. 
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Reduction Division— Reduction in the number of chromosomes 
tiikes plfliCe during the first of the two successive divisions of the spore 
mother cell which result in the formation of a tetrad of spores. Thus 
the spore mother cells have diploid nuclei and belong to the sporophyte 
generation, whereas the spores have haploid nuclei and belong to the 
gametophyte generation. 

In the chapter on the cell (pages 79 to 82), the process of mitosis 
was described in some detail. In that description it was shown how 
in the division of the nucleus, the two daughter nuclei eac^h receive an 
equal amount of chromatin and each has a number of chromosomes 



Fia. 408. — A scries of stages in the development of the sporangium of Pnlypodium. 
A, just bciforc the formiition of the wall which cuts off (as shown in li) the 
jirimary sporogenous cell from the other cells of the young sporangium. C, a 
somewhat later stagt*; two of the cells surrounding the primary sporogenous cell 
have divided. D, tapetal c(*lls have been cut off from the primary sporogenous 
cell and some of these tapetal cells have divided tangcintially ; within the tapetal 
layer four (jells have been formed which will divide; furttuT to form spore mother 
cells as shown in E. {D and E. drawn from microtome sections prepared by 
J). II. Campbell.) 


('qual to that of the mother cells. Thus in an ordinary mitosis there is no 
reduction in th(' number of chromosomes. It will be recalled that in all 
plants having sexual reproduction a reduction division taki^s place some- 
where in th(i life cycle. In the reduction division, the division of the 
nucleus is by meiosis, a pro(*ess briefly ckscribed on page 80. We shall 
now describe the reduction division of a spore mothcT cell of a fern, which 
in its principal features is essentially the same as 'the reduction division 
in most plants in whose life cycle such a division takcjs place. This 
description applies also to the reduction division of the pollen mother 
cells and to the reduction division which occurs in the young ovule. 
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This is a continuous process which it is, however, convenient for pur- 
poses of discussion to divide into the following stages which are num- 
bered to correspond with the figure numbers in Fig. 410. 

1 and 2. The chromatin of the resting nuclevs of the spore mother cell is 



Fig. 409. — Diagrams showing Ilu‘ chromosomrs rontnbiitod 1o tlio zy^oto (2 and 3) 
by the gametes (1a and 1h), and the splitting (0) of (‘arli of these clirornosomes 
during th(* first division of the zygote. Kaeh of the resulting niielei (7 and 8) of 
the two-cell(‘d embryo cont-aiiis tlie same iiiinil)(‘r and kind of ehromosornes as 
the zygote nucleus (2). All latiT divisions of sporojihyte nucha in fiTiis, s(*(‘d 
bearing plants and most oth(‘r plants having sexual reproduction, proceed as 
shown in diagrams 3-7. Th(‘ (paternal) chromosomes contributed by the male 
gameti' are shown in white, those* (maternal) contributi'd liy the female gamete 
in black. In order to simplify the diagrams three has )K‘en chosen as the haj)- 
loid chromosome number (1a and 1b) and accordingly six is the difdoid number 
(2-7), although most jilants have larger chromosome numbers. Corresponding 
(homologous) chromosomes (members of pairs of chromosomes, one jiaternal and 
one maternal, which control the same inherited characterist ics) from s})(‘rm and 
egg cell correspond in length. The chromosomes do not losi* thcar individu- 
ality while the nucleus is in the resting condition, Ix'tween divisions, although 
the chromatin is scatt(!r(*d. The diagrams 1a and 1b are so drawn as to show 
the chromosomes pres(*nt in the gameti; nuclei even though these riucha are 
actually in the resting condition when they unite. 


evenly distributed. At the beginning of the reduction division the homolo- 
gous chromosomes (tho pairs of chrornosomos, one maternal and one pater- 
nal, which contain the same inherited characteristics), in close contact^ 
appear as long threads. It should be pointed out here that in the division 
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Fig. 410. — Dingrams showing chromosome behavior during the reduction division 
which oc.curs at the time' of spore formation in ferns and in most other plants 
which havT sexual reproduction. As also in Fig. 409, the chromosomes shown 
in white are paternal chromosomes, those in black, maternal chromosomiis. 
Homologous chromosomes (corresponding maternal and paternal chromosomes) 
are of corresponding liaigth. As the result of the jiroci'ss here shown, the spore 
mother cell (in the nesting condition in 1) gives ris(‘ to a tetrad (group of four 
spores) as shown in 10. The motlier nucleus (1) has the diploid chromosome 
number (m this cas(! six) as is shown in 7 of Fig. 409, which is characteristic of 
thi‘ cells of the sporophyte. These six consist of three pairs of homologous chro- 
mosome's, one of each pair having come from the male gamete and one from the 
female gamete in the last fusion of gametes (2, 5 in Fig. 409). Note that in 410, 2, 
the three pairs, with the chromosomes of each pair in close contact, are lying 
within the nuclear m(*mbrane. In 3 the paired chromosomes have shortened 
and have become closely “knotted” whereas in 4 they have become “unraveled” 
and have undergone further shortening. In 5 the members of each pair have 
sejiarated but are still in close proximity. In 6 the nuclear membrane and the 
nucleolus have disappeared and the six chromosomes, each now showing evidence 
of a later lengthwise splitting, have b(*en separati'd into two groups of three. 77iis 
ts the actual reduction diinsion. As shown in 7, only oru'. chromosome of each 
homologous pair is present in each of the resulting nuclei which are therefore dif- 
ferent in their chromosome “stock.” Each of these nuclei now undergoes a sec- 
ond division (8) with a splitting of each of its chromosomes, so that there are 
two kinds of nuclei in the tetrad (shown in 9), two having the samii chromosomes 
as the upper nucleus in 7 and two having the same chromosomes as the lower 
nucleus shown in 7. 
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of the zygote and in the subsequent divisions, resulting in the multicel- 
lular sporophyte, the chromosomes contributed by the male gamete 
(paternal chromosomes) and by the female gamete (maternal chromo- 
somes) maintain their individuality. It is, however, only at the time 
of reduction division that the separate identity of the maternal and 
paternal chromatin becomes apparent. 

3. The loTig paired chromosomes coidraci and then utvdergo a charac- 
teristic knotting. There is evidence that during the loose union of the 
paired threads an interchange of chromatin may take place between 
maternal and paternal chromosomes. 

4. The paired chromosomes again become distinct, and become still 
shorter. The number of pairs of chromosomes is seen to be one-half the 
diploid number. (See Fig. 410.) 

5. The chromosomes of each pair separate, but still lie close together. 

6 and 7. At about this time the spindle is formed, and the nucleoli and 

nuclear membrane disappear. One partner of each pair of chromosomes 

moves toward- one pole, 
and the other partner of 
the pair toward the op- 
posite pole. At ](*ast by 
tins tiiiK' each chromo- 
some shows evidence of 
the splitting which will 
b(i comp]ei('d in the sub- 
sequent division (6 of 
Fig. 410). Thus each 
daughter nuchms has 
on('-half the diploid 
numb(T of chromosomes 
and (^ach one of the 
daughti‘r nuch'i receives 
eitluir a paternal or a 
maternal chromosome 

Fig. 411.— Nuclei irom the gametophyte (A and R)from each pair. How- 

and of the sporophyte (C and Z>), of Nephrodiuiyi 

during mitosis, showing 64 and 128 ehromosoinos^ 

respectively. (Redrawn from Yamaiiouchi.) chance that the chro- 

mosoiiKJs of a daughter 

nucleus are all paternal or all maternal. Each of the chromosomes 
now shows clearly that it is double in nature. 

8. Each daughter nucleus resulting from the first division of the mother 
cell promptly undergoes a second division of the ordinary type, which 
does not involve any reduction in chromosome number, nor any separation 
of maiernal from paternal chromosomes. 
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9. Each of the four haploid nuclei thus formed, together with part of the 
cytoplasm, is surrounded by a wall and becomes a spore. 

Dehiscence. — As the sporangium becomes progressively drier, the 
annulus begins slowly to straighten out, and as it does so the weak lip 



cells and the thin side walls of the sporangium are torn. Finally, the 
annulus may almost double back upon itself, pulling with it a mass of 
ripe spores. Suddenly the annulus returns to its original position, at 
the same time dispersing the spores. In their dry condition the spores 
are easily disseminated by wind. 
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Summary of Life Cycle. — The life history of Polypodium may be 
summarized as follows : 

1. The spores, which have the haploid (n) number of chromosomes, 
are discharged from the sporangia, which are borne in clusters on the 
under surface of the sporophyll. 

2. Under proper conditions of moisture and temperature, the spores 
germinate, each producing a short green filament. 

3. By a series of divisions of an apical cell, the green filament grows 
into a flat, heart-shaped struc^ture, the prothallium (ganietophytc) 
which is attached to the soil by numerous rhizoids. 

4. Antheridia and archegonia are borne on the ventral surface of the 
prothallium (gametophyte) . In Polypodiuniy antheridia and archegonia 
occur on the same prothalliurn. 

5. Ea(*h antheridium usually produces thirty-two multiciliate-sperms, 

and each arcihegonium d('velops a 
single egg-cell. 

6. Fertilization of the egg-cell 
takes phujcs in the venter of the 
archegonium. At fertilization the 
n chromosomes of the egg and 


Fia. 413. — IL'ibif, drawing of Marsilia Fig. 414. - Plant of AzoUa, ono of tho 
quadrifolia, one of the water ferns. water ferns, magnified about eight 

Note the oval sporocarjis. (After times. 

Wettstein.) 

sperm nuclei arc united in the zygote nucleus, which has, tluiiefore, tlie 
diploid (2n) number of chromosomes, half of which are maternal and 
half paternal. The zygote is thus the beginning of the sporophyte 
generation all the nuclei of which have 2?i chromosomes. 

7. Successive divisions of the zygote result in thci development of 
the embryo sporophyte, consisting of foot, root, primary leaf and stem. 
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The foot is a temporary structure absorbing, during a short time only, 
food from the prothallium to which it is attached. The foot dies after 
the primary root and leaf have developed to the point where they can 
supply sufficient water and food for the young sporophyte. And, 
after leaves and adventitious roots have developed on the stem, the 
primary leaves and roots also die, so that only one of the four primary 
organs (the stem) is permanent. The mature sporophyte consists of a 
rhizome, bearing roots and fronds. On the under side of the fronds, 
sporangia are borne in clusters called sori. 

8. The sporogenous tissue of each sporangium forms, in Polypodium, 
sixteen spore mother cells. Each of these, by two successive divisions, 
the first of which is a reduction division, gives rise to four spores with 
haploid nuclei. At the reduction division the maternal and paternal 
chromosomes of any pair are separated from each other and pass to dif- 
ferent daughter cells. 

Polypodium and most of the other true ferns (Filicineae) are homo- 
sporous, but a few members of this group are heterosporous, producing 
two kinds of spores — small spores 
(microspores) which give rise to male 
gametophytes, and large spor(\s (meg- 
aspores) wliich produce female game- 
tophytes. (The t('rms microspore and 
megaspore are us('d in hc^terosporous 
Pteridophyta and in Spermatophyta to 
d(\signate respe(^tively those spores 
which give rise to the male gameto- 
phyte and to the fianale gametophyte, 
but it should be pointed out that in 
certain cases the microspore may 
equal or exceed in size the mega- 
spore.) Examples of heterosporous 
Filicin(*ae am the water ferns includ- 
ing the genera Salvinia, AzoUa, Mar- 
silia, and Piliilaria. This habit of heterospory also occurs in Sclaginella, 
a genus of the more primitive pteridophyte group, Lycopodineae. 

In Poly podium, as in most common ferns, it will be recalled that all 
fronds are similar and may produce sporangia. In such ferns as the 
cinnamon fern (Osmuuda cinriamonea) , the sensitive fern (Onoclea 
sensibilis), and others, there are, however, tw^o sorts of knaves: (1) ordi- 
nary foliage leaves which never produce sporangia, and (2) spore-bearing 
leaves which are much smaller and the cells of which contain very little 
chlorophyll. 

In many ferns, the sori are covered by a membranous outgrowth 



Fig. 415.- — Habit .sla'tch of Salviiii i 
nnUms, a water fern. (After 
Wettstein.) 
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of the epidermis, known as an indusium. The form and arrangement 
of sori and indusia are characters which are much used in the classi- 
fication of ferns. In Polypodium and many other genera, indusia are 
absent, and the sori are said to be naked. A so-called ''false indusium,’^ 
formed by a folding over the margin of the frond so as to cover the 
sporangia, occurs in the common bracken (Pteris aquilina) and in 
related ferns such as the maiden-hair fern (Adiantum), 

The heterosporous ferns are a group of aquatic or amphibious forms 
known as the "water ferns. They differ from Polypodiurn and other 
common ferns in the production of two kinds of spores, small (micro- 
spores) and large (megaspores) which give rise to male prothallia and 
female prothallia respectively. The microsporangia and megasporangia 
are borne in characteristic spherical or oval bodies known as sporocarps. 
The sporangia resemble in general striudure those of Polypodiurriy 
which we have described, except that they have no annulus. In water 
ferns, the gametophytes are short-lived and greatly reduced structures. 
They do not possess chlorophyll, and their supply of food is restricted 
to that which was present in the spores from which they developed and 
which was supplied by the sporophyt(‘. The gametophytes are then*- 
fore entirely dependent upon th(^ sporophyte generation. In the extreme 
reduction and complete dependence of the gainetophyte generation 
these heterosporous ferns an' similar to the heterosporous genus Selagi- 
nella, which will later be described, and to the s('('d plants. Although 
the seed plants (Spermatophyta) probably evolved from heterosporous 
pteridophyte ancestors, neither the watc'r ferns nor any plant closely 
related to Selaginella were among the ancestors of the Spermatophyta. 
Heterospory has developed quite independently in several different 
groups of the Pteridophyta. 

EQUISETINEAE (THE HORSETAILS) 

General Characteristics. — The Equisetineae or horsetails, is repre- 
sented among living plants by only a single genus, Equisehmij of which 
there are about thirty species. That the Equisetinc^ae were formerly a 
much more important element in the flora of the earth than they are 
today is shown by the considerable number and varic'ty of such plants 
of which fossil remains have been found. The fossil Equisetineae 
include species of the genus Equisetum whi(;h greatly exceeded the living 
species in size and which were tree-like in form. In addition there are 
fossil remains of several other genera including the genus Calamites. 
Some of the latter plants and other fossil Equisetineae were heterospor- 
ous and produced, like the water ferns, two kinds of spores, microspores 



E 


Fig. 41G. - Sori ivnd indusiji of various typos. A, sori of Dryopteris with kidney- 
shaped indiisia. shield-shaped indusia of Polystichum sori. C, linear indusia 
cov(‘ring the sunken sori of W oodwardia, D, naked son of Polyvodium which 
are without indusia. E, and F, a young and an older pinnule of Pteris showing 
the false indiisiurn (inrolled margin of the leaf) characteristic of Pteris and several 
ndated genera. 


Americ^an species, Equisetum giganteurrij may grow to a height of 30 
feet though its stem diameter is only a few centimeters, whereas certain 
species, like Equisetum sciripodes, seldom exceed 20 cm. in height. 
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In the Equistineae as in the Filicineae, the sporophyte is the con- 
spicuous generation. It is made up of a branched system of horizontal 
underground rhizomes from which, each season, erect aerial shoots are 
sent up. The most striking characteristics of the sporophyte plant 
are: 


1. The heavy impregnation of the outer tissue with silica. 



Fig. 417. — The sporophyte of horsetail 
{Equisctum (irvcrise) showing green 
vegetative shoots (left) and spore- 
bearing shoots (ri^ht) and the rhi- 
zome's from which these a(!rial shoots 
arise. Note the whorls of seah* 
leaves, and on th(‘ V( getative shoot 
I he whorls of gn'en branchiis 


2. The reduced, scale-like leaves. 

3. The distinct hollow inter- 
nodes of the aerial stems. 

4. The peculiar form of the 
sporophylls and the grouping of 
thes(' at the tips of aerial shoots 
into cone-like structures called 
strobili. 

The siliceous deposit gives to the 
shoots a harsh texture, and on this 
account the plant was formerly used 
for cleaning and polishing metal 
utensils and given the name of 
^‘scouring rush.^^ On a(‘count of 
the reduced size of the leaves, photo- 
synthesis is carried on principally by 
the gr(H‘n stems. The horsetails 
grow for the most part along the 
margins of streams or lake's or in 
other moist loe^ations. 

Th(‘ commonest species, Equi- 
setum arrensey is very wddelj^ dis- 
tribut.(‘d throughout the northi'rn 
hemisphcTo. We shall use it as a 
type of the group and briefly d(‘- 
scribe its life history. 

Life History of Equisetum. 
Gametophyte. — The ase'xual spores 
are all morphologically alike. The 
spore's are globular and green in 
color. In addition to the usual twe> 


intine anel e*xine wall layers there is 
developed outside e)f the exine a third layer calle*e] the perinium. In the 
mature spore, the perinium ruptures in sue*h a way that twe) ribbon-like 
appendages (elaters) are formed which remain attached to the spore 
at one place about halfway between the ends of the elaters, and coil 




Air Spaces 
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Chlorenchyma 



Fig. 41 S. — Left, cross section of the aerial stem of Equisetum hyemale; right, a portion 
of a cross section of an aerial stem of the same species, more highly magnified. 
Drawings by Carl Sharsmith. 




^ Dehiscing 

Sporangium 


Fig. 110. — Equuftum. A, ventral view of a sporophvll. B, mature spore with 
elaters coiled about the spore body. C, spore with elaters uncoiled. (Redrawn 
from Wettstein, after Dodel-Port.) 







520 


EMBRYOPHYTA— THE PTERIDOPHYTA 


around the spore. These elaters are very sensitive to cdianges in atmos- 
pheric humidity; when the air is dry, they uncoil; when it is humid 
they again coil around the; spore and thus the air-borne spores arc dt^pos- 
ited in moist places favorable for their germination. "JTie movements 
of the elaters also assist the es(‘ape of the spores from the sa(;-like spo- 
rangia which arc attaclu^d to the lower side of the sporophylls (se(i 
Fig. 419) and which split along one side whem the spores are ripe. As 
might be expected, these spores have the n chromosomes. The ripe 
spores are capable of germination as soon as they are slu^d from th(i 


T^Developintf 

i^Antheridium 


sporangium. 

In all the species of Eqinsetum thus far critically studied, the spores 

develop into gametophytes which 
.-Mature Antheridium either anlheridia or 

* arcliegonia, depending upon the size 

yyi of the gametophytes. If the game- 
tophyte remains small and but one 
\ I layer in thickness, probably as a 

V I result of {loor nutrition, it bears 

xY antheridia only; on tlui other hand, 

\\^ jT^/^eveiopintf if the gametophyt(^ grows to rela- 

\| 1 j ^ tiv(‘ly larg(‘ siz(', and devtdops a cush- 

A J I J ion of c(‘lls s(‘veral layers thick, 

^ both arch(‘gonia and antheridia 

\VI\ d(*velop on tlie same game'to- 

\ yJ g Th(i anthegonia and antheridia of 

Jy VM Equiseium ar(‘ not (‘sstmtially dif- 

ferent from those of the ferns, and 

^:>Rhizoids the spi^nns are multiciliate as in the 

Filicineae (Figs. 420 and 421), 

'' Liberation of th(^ sptTins, optaiing 

11 of the arcliegonia, and fertilization. 

Fig. 420.— Equiftetimi. Oametophyte; tak(‘ place mucli as in th(‘ ferns, and 

bearing anthiTidia. (Redrawn , , , . r i ^ 

from Hofnieistor.) the d('V(dopment of the sporophyt(‘ 

from th(^ zygot(' does not differ in any 

important particular from that in Polypodium. '^J"h(' sporophyte is 

dependent upon the gametophyte for a short period only. 

The Sporophyte. — The mature sporophyte consists of a perennial 

rhizome which grows in the soil and from which roots and aerial shoots 

are produced. The aerial stems have a rough surface, and their division 

into nodes and internodes is very distinct. The internodes arc hollow 

and are marked with a number of longitudinal grooves. At each node 


1:> Rhizoids 
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there is a whorl of small, pointed structures, the very much reduced 
foliage leaves which are joined at their bases, forming a sheath around 
the stem. 



Fig. \2\.'-~Equis€i(nn. A, Oametophyte, bearing archegonia. /?, embryo sporo- 
phyt(' in vent(*r of archegoniurn. (.4, redrawn from ITofmeister. /?, redrawn 
from Sadf'beek.) 


In Equiseluvi arvense thc^n' are two kinds of aerial shoots: repro- 
ductive and v('g(^tative. In the early spring there are sent up from 
th(‘ rhizomes, simple, unbranched reproductive shoots, each of which 
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bears at the tip a single, terminal, cone-shaped, whitish group of sporo- 
phylls (strobilus). These spore-bearing shoots die down soon after 
spore production, and are succeeded by slender, green, sterile shoots 
which send out numerous branches in whorls at the nodes. 

Strobilus and Sporangium. — The strobilus consists of an axis with 
much shortened internodes. At the nodes there arise shield-shaped 

structures (sporophylls) which bear spo- 
rangia. 

The sporangia are long sacs on the under 
side of the sporophyll. In the developing 
sporangium there is, as in the fern sporan- 
gium, a tapetum consisting of two or three 
layers of cells. Each sporoph}^! bears five 
to ten sporangia. At maturity the spo- 
rangia dehisce longitudinally, and the spores 
are shed. 

There are two points in this life history 
of Equisetum worthy of special emphasis: (1) the sporangia are produced 
on specialized sporophylls. (2) The spores are similar as are the spores 
in the majority of true ferns, but certain extinct forms related to Equise- 
iurn were heterosporous. 

LYCOPODINEAE (THE CLUB MOSSES) 

General Characteristics. — The Lycopodineae, like the Equisetineae, 
constitute a c*Iass which was formerly represented by much larger, more 
numerous, and more highly differentiated spe(*ies than exist today. 
The number of species of living Lycopodineae greatly ex(‘C'(‘ds, however, 
the living species belonging to the Equisetintiae, the two common genera 
Lycopodium and Selaginella including nearly six hundred spenies. 

Remains of certain fossil representatives of this (*lass are abundant 
in the coal beds. Among the most interesting of th(‘se fossil relatives 
of the modern club mosses are the arborescent genera, Lepidodendron 
and Sigillaria. Fossil Lepidodendron trunks having a length of over 30 
meters have been found. Some of the extinct Lycopodin(‘ae had stems 
in which secondary growth in thic^kness took place through the activity 
of a cambium, much as in present-day gymiiosperms and dic^otyledons. 
In spite of this similarity of the stems of fossil Lycopodineae to the stems 
of seed plants, and in spite of certain similarities in the reproduction of 
Selaginella (a living representative of the Lyctopodineae) to the repro- 
duction of seed plants, there is no reason to believe that any members 
of the Lycopodineae were ancestors of the seed plants. 



Fig. 422. — Sperm of Equise- 
tum. (Redrawn from Be- 
lajeff.) 
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Most of the species of Lycopodiutn and Seldginella are found growing 
as terrestrial plants in temperate or tropical regions or as epiphytes 
in moist tropical forests but they do not constitute a very importailt 
clement in the flora of the temperate and colder parts of the earth. 

The Lycopodineae differ from the Filicineae and the Equisetineae 
principally in that: 

1. The sperms are biciliate instead of multiciliate. 

2. The sporophylls, though resembling the vegetative leaves as in 
most of the true ferns, are grouped in strobili. 

3. There o(;curs in the life cycle a temporary sporophyte organ 
(the suspensor), lacking in other pteridophytcs but found in the seed- 
bearing plants. 

Selaginella is a type of living pteridophyte showing well-marked 
heterospory, and a very greatly reduced gametophyte, even though it 
is in many respects a much more primitive form than the ferns. On 
account of the much-reduced character of the gametophytes, which are 
not visible to the naked eye, we shall begin our account of the life 
history of Selaginella with the sporophyte, which as in all the Pteri- 
dophyta is the more conspicuous generation. 

Life History of Selaginella. The Sporoph3rte. — In the creeping 
sp(H‘ies of Selaginella the shoot is dorsiventral, the leaves are small 
and arrangc'd on the axis in four longitudinal rows. In some species, 
k'afless branches (known as “rhizophores’*) grow downward from the 
leafy stems and give rise to roots vrhen they come into contact with the 
soil. The leav(‘s have a loose, spongy mesophyll and a well-developed 
epidermis with stomata which are usually confined to the under surface. 
The chloroplasts are large and few in number, and in some species there 
is only one in each cell. 

Strobilus and Sporangia. — The strobili are branches on which the 
leaf-like sporophylls are borne, generally in four rows so that a rather 
compact four-angled or club-shaped structure is formed. 

Attention has already been called to the fact that Selaginella is 
heterosporous, like the water ferns which were mentioned earlier in this 
chapter. Heterospory, which is the habit of producing small spores 
which give rise to male gametophytes and larger spores from which the 
female gametophytes develop, arose apparently independently in several 
groups of Pteridophyta including some groups now extinct. Although 
it is not common among living ferns and fern allies, it is universal 
among the spermatophytes or seed-bearing plants; 

Corresponding to the difference between the two kinds of spores 
(microspores and megaspores) of heterosporous plants are differences in 
the sporangia (micro- and megasporangia) and in the sporophylls upon 
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which the sporangia are borne (micro- and megasporophylls). The 
strobili of Selaginella are bisporangiate in that they are made up of 
both microsporophylls and megasporophylls. 

In Selaginella each of the megasporophylls bears a single megasporan- 
gium within which four large spores (thc^ megaspores) are produced. 
The microsporophylls also bear solitary sporangia (microsporangia), 
within which, however, th(‘re are formed numerous (generally sixty-four) 
spores (microspores). 

Development of Spores. — Up to the formation of the spore mother 
cells the development of the microsporangia and megasporangia is the 
same, and not essentially different from that of the sporangia of true 
* ferns. Each sporangium 



Fig. 423. — Female Rametophyte of Selaginella 
partly enclosed by megaspore wall. (Re- 
drawn from Bruchjoaann.) 


consists of a short stalk and 
an enlarged portion within 
which the spores are produced. 
The wall of the sporangium 
consists of three layers of cells, 
of which the innermost is a 
tapetal lay(T similar to that 
found in the ferns (Filicineae) 
and in Equisetum. Generally 
the same number of spore 
mother cells (usually sixteen) 
is formed in both the micro- 
and megasporangia. 

Each microspore mother 
cell gives rise to four spores, 
so that sixty-four spores are 
generally produced in each 
microsporangium. One of the 
two divisions of the mother 


cell by whi(‘h the four spores 
are produc^ed is a reduction 
division. The first division of the functioning spore mother nu(;l(*i in 
both microsporangia and megasporangia is a n^duction division, the 
nucleus of the spore mother cell dividing by meiosis. This division 
marks the end of the sporophyte and the beginning of the garnetophyte 
generation. 

In most species of Selaginella^ only one of the spore mother cells 
in the megasporangium divides; accordingly the number of rnegasponvs 
is four in most species. The nucleus of ea(di of these spores contains 
n chromosomes. The other spore mother cells undergo disorganization 
and their protoplasm furnishes food for the developing spores which 
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are accordingly better nourished than are those of the microsporangium 
and are able to attain a very much larger size. 

The Male Gametophyte. — The microspores begin to germinate 
before they are shed from the micro- 
sporangium. This is in marked contrast 
with conditions in other pteridophytes 
which we have studied; in most other 
pteridophytes the spores do not normally 
begin to germinate while still within the 
sporangium. In all the Spermatophyta 
the germination of the micTospores is 
initiated before their release from the 
sporangium and probably this was true also in the extinct heterosporus 
fjlanls which were the ancestors of the present-day seed plants. The 
male gametophyte of Sdagindla is formed entirely within the micro- 
spore. After the di- 
vision of the nucleus of 
the microspore, at the 
time of its germination, 
a wall is formed whi(th 
dividers the spores into 
two cells of very un- 
ecjual size. The spores 
are usually shed in this 
two-c^elled condition. 
Subsequently the larger 
cell of the two goes 
through a series of di- 
visions which result in 
the formation of a cen- 
tral group of cells, and 
a single layer of wall 
cells. (S('e Fig. 424.) 
The protoplast of each 
cell of th(‘ central group 
develops into a single 
sperm. The smaller cell 
of the first two formed 
(i.c., the prothallial cell) 
is considered to be homologous with the vegetative cells which make up 
the gr('ater part of the fern prothallium. All the rest of the gametophyte 
is believed to represent a single antheridium. Tlu^ prothallial cell is 



Fig. 425. — Lonpitudinjil section of female gameto- 
phyte of Selnginella, part ly surrounded by the rup- 
tured megaspore wall. One embryo sporophyte is 
well developed; a secxiiul, in its first stage. (Re- 
drawn from Bruchmann.) 



Fig. 424. -Male gametophyte 
of SelagintUa. 
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merely a vestigial structure; it does not possess chlorophyll, and proba- 
bly plays no essential part in the life history of the plant. The gameto- 
phyte is unable to carry on photosynthesis and is entirely dependent 
for food upon the supply which the microspore received from the sporo- 
phyte plant. This is just the reverse of the condition existing in most 
liverworts where the sporophyte is completely dependent upon the 
gametophyte, since the sporophyte can absorb water and solutes only 
from the gametophyte and is unable to carry on photosynthesis. 

The Female Gametoph3rte. — Germination of the megaspores, which 
generally commences before they are shed from the megasporangium, 
begins by the division of the single megaspore nucleus into two nuclei, 
between w^hich no wall is formed. By continued free division of the 
nuclei, there arc formed within the megaspore a large number of nuclei 
most of which accumulate at one end of the spore. Then walls are 
formed simultaneously between the nuclei, and thus a mass of tissue 
(the female gametophyte) is formed within the megaspore. The 
gametophyte grows and by its growth the megaspore wall is finally 
ruptured at one end and gametophytic tissue is exposed. Several 
archegonia develop upon this exposed surfa(^e. In some sf)ecics, rhiz- 
oids (which do not function), are produced from the exposed tissue and 
there may be some development of chlorophyll in this region of the 
gametophyte. 

The archegonia do not differ from those of the true f(‘rns and Equine- 
turn in any important particular. Each (‘onsists of a venter contain- 
ing the egg, a single V(‘ntral-(uinal cdl, a single neck-canal cell and a 
neck, compo.sed of two ti(TS of four cells each. All this development of 
the female gametophytcjs takes place, at least in many species, while 
they are still within the megasporangium which remains attached to a 
megasporophyll of the strobilus. 

Transfer of Microspores and Fertilization. — It will be recalled that 
the male gametophyte^ is enclosed by the microspore wall at the time 
when the microspores are shed. In some species of Selaginella the 
microspores (usually in the two-celled stage when shed), sift down 
between the megasporophylls, which generally oc(mpy a lower position 
in the strobilus than the microsporophylls, and (^oiiie to lie very near th(^ 
megasporangia. About this tinu^ the (kivelopment of the mal(‘ gainc*- 
tophyte is completed and, if the plant is wet about this time by rain or 
heavy dew, water is absorbed by the microspore. As a result the walls 
separating the sperms break down, the (contents of the microspore swell, 
the microspore wall is ruptured, and the biciliate sperms are set free. 
Previous to this time, the megasporangium wall has opened, but not 
sufficiently to allow the female gametophytes to escape. The sperms 
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swim to the archegonia, which are by this time ready for fertilization. 
It should be emphasized here that the presence of water is essential if 
the sperms are to reach the archegonia, a condition which gives indica- 
tion of the origin of Selaginella from aquatic ancestors. 

The fertilized egg is the beginning of the sporophyte or diploid 
generation, the zygote nucleus having 2n chromosomes. The zygote 
generally starts its development into an embryo sporophyte at once. 
The first division of the zygote is by a wall which is at right angles to 
the axis of the archegonium and results in the formation of an outer 
cell, known as the suspensor cell, and an inner cell, the embryo cell, 
from which the embryo proper develops. The suspensor cell elongates 
considerably, pushing the developing embryo down into the deeper 
tissue of the female gamctophyte, from which nourishment is absorbed. 
The suspensor cell may divide sev- 
eral times, but it takes no part in 
embryo formation. The suspensor 
is a structure wliic'h distinguishes 
the Lycopodineac from the homo- 
sporous ferns, but a similar struc- 
ture has developed, entirely inde- 
pendently, in the seed plants. The 
young embryo (Figs. 425 and 426), 
embedded in the tissues of the 
female gamctophyte and still en- 
closed within the megaspore wall, 
consists of a foot, a rudimentary 
root, and a rudimentary stem, with 
two cotyledons (first leaves). In 

some species the megaspores are not shed until after the growing stem 
and root of the embryo have begun to emerge from the female gameto- 
phyte or have even forced their way out through the sporangium wall. 

Soon after, the female gamctophyte is shed from the strobilus, the 
root of the embryo sporophyte enters the ground, the stem elongates, 
leaves are developed, and the young sporophyte becomes independent. 
By this time the suspensor and foot, which served to absorb food from 
the female gamctophyte as the sporophyte grew, cease to function. 



Fig. 420. — Embryo sporophyte of Selagi- 
nella. saSf suspensor; r, young root; 
Z, first lea,ves; lig, ligules; sZ, growing 
point of stem; and/, foot. (Redrawn 
after Bruchmann.) 


Summary of the Life History of Selaginella. 

1. Germination of microspores, the initial stages taking place within 
the sporangium. Shedding of the two-celled male gamctophyte enclosed 
within the microsporc wall. 
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2. Further development of male gametophyte, which at maturity 
consists of a single prothallial cell and a central group of antheridial 
cells, each cell of which gives rise to a single sperm, and a single layer 
of wall cells surrounding the central group. 

3. Rupture of microsporc wall and liberation of biciliate sperms. 
The nuclei of the sperms and of all the cells of the male gametophyte 
and of the microspores have n chromosomes. 




Micro- 

sporo* 

phyll 

with 

Micro- 

sporan- 

gium 


Fig. 427. — A species of Selagivdla showing hiibit, stro])ili, microsporophyll, miero- 
sporaiigiu, rnicrospore, im*gasporophyll, megasi^orangiurri ami rnegaspore. At 
the lowcT left-hand comer are shown two strobili from a difT(*rcnt spc^cies of 
Selaginella, 'Phe iVmai. scale refers only to drawings of the spores. 

4. Germination of each megaspore within the sporangium to form a 
female gametophyte, which by its growth ruptures the spore wall at 
one side. At maturity the female gametophyte consists of a mass of 
small cells at the exposed end which develop archegonia, and a group 
of large cells at the opposite end. Early in the formation of the female 
gametophyte the nuclei multiply by free nuclear division. The nucleus 
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of the megaspore, presumably the nuclei of the female gametophyte, 
and the nucleus of the egg have n chromosomes. 

5. Swimming of some of the sperms, if water is present, to the arch- 
egonia, and fertilization of the egg, followed by the formation of a cell 
wall about the zygote. The zygote nucleus has 2n chromosomes. 

6. Formation from the zygote, and within the female gametophyte 
tissue and megaspore wall, of a suspensor and an embryo consisting of 
foot, root, and stem with two cotyledons. 

7. Further development of the sporophyte, during which the root 
enters the ground, the stem grows longer, and leaves (in some species) 
bearing peculiar leafless branches (rhizophores) and forming roots at 
their ends are produced. 

8. Formation, after a vegetative period, of strobili bearing both 
mega- and microsporophylls. 

9. Development of microsporangia on microsporophylls, which 
usually occur near the apex of the strobili, and of megasporangia on 
megasporophylls, which usually occur near the base of the strobili. 

10. Formation of four microspores by two successive divisions from 
each spore mother (;ell in the microsporangium. During the first divi- 
sion, the chromosome number is reduced; this reduction and the similar 
reduction during the formation of megaspores mark the end of the 
diploid (sporophyte) generation. 

11. Formation of four megaspores, by two successive divisions (one 
a reduction division), from only one spore mother cell of the man^’’ in the 
megasporangium, the remaining spore mother cells disorganizing and 
furnishing nourishment for the vsingle tetrad of spores. 

Significant Points in the Life History of Selaginella. — Some of the 
most significant facts relative to Selaginella are: 

1. The prodiKition of two kinds of spores (hetcrospory) — microspores 
and megiispores. 

2. The grouping of the sporophylls to form a strobilus. 

3. The extreme reduction of the male and female gametophytes, 
most mark(‘d in the male gametophyte wliich consists of a single anther- 
idium and one vegetative cell. 

4. Retention of the spores and contained gametophytes within the 
sporangia until their development is far advanced. 

5. Development of the new sporophyte from one of the two cells 
resulting from the first division of the zygote.. From the upper cell 
there is developed a new striK^ture called the suspensor, which resembles 
a structure also called the suspensor which has bc^en entirely independ- 
ently developed in the seed plants. 

6. Dependence of the gametophytes upon the sporophyte which is 



530 


EMBRYOPHYTA— THE PTERIDOPHYTA 


just the reverse of the condition existing in mosses and liverworts where 
the gametophyte is the independent generation and the sporophyte 
is totally or partially dependent upon it. 

Lycopodium. — The two most common living genera of the class 
Lycopodineae are Selaginella and Lycopodium. In Lycopodium, which 
is homosporous, the stem branches extensively, the leaves are generally 
small and scale-like, and are arranged spirally on the stem. In some 
species of Lycopodium the gametophytes are small, chlorophyll-free 
structures, which live saprophytically under ground, but in other species 
they are green and develop on the surface of the soil. In no case are 
they dependent on the sporophyte. 

SUMMARY OF THE PTERTOOPHYTA 

1. Alternation of generations is well developed in all Pteridophyta. 

2. In all of them the sporophyte possesses a root and thus frees 
itself early in its development from all dependence upon the gameto- 
phyte. 

3. In addition, the sporophyte possesses leaves, organs which never 
occur upon the sporophyte of the Bryophyta. 

4. Spores are produced not in a single terminal capsule, but in many 
sporangia borne on sporophylls. 

5. Probably because the sporophyte of ferns and their allies is better 
adapted to life on land than the gametophyte of liverworts and mosses, 
the pteridophytes are larger and more successful plants than any bryo- 
phytes. 

6. Heterospory has arisen independently in several groups of pteri- 
dophytes, living and extinct. Most of the living species of this group 
are homosporous. 

7. In the formation of spores in all Pteridophyta, the same essential 
change takes place as in spore formation in the Bryophyta, i.e., the 
development of a tetrad from each spore mother cell. This tetrad is 
the result of two successive divisions of the spore mother cell; during 
one of these two divisions meiosis occurs and the chromosomes are 
reduced to the haploid number. 

8. As contrasted with the Bryophyta, the Pteridophyta show a 
marked reduction of sporogenous as compared to vegetative tissue. 

9. In all ferns, as also in Bryophyta, the structure of the gametangia 
is essentially the same as is also the method of fertilization. 

10. Fertilization in all ferns is dependent, as in the Bryophyta, upon 
the presence of water. 

11. In general, the gametophytes of the Pteridophyta are much 
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smaller and simpler than those of the mosses and liverworts, and the 
sporophytes are larger and less simple in structure. 

12. In some of the heterosphorous Pteridophyta the female gameto- 
phyte and the young sporophyte are retained for some time within the 
sporangium. 

13. In certain Pteridophyta — Selaginella and Lycopodium — a new 
structure, the suspensor, is developed from one of the first two cells 
formed from the zygote. The presence of a somewhat similar structure 
in the seed plants is not, however, to be considered as indicating that 
these plants are ancestors of the seed plants. 



CHAPTER XV 


EMBRYOPHYTA 

THE SPERMATOPHYTA (SEED PLANTS) 

Thci Spermatophyta by far exceed in importance, both economi 
cally and as a component of the earth’s flora, all other living plants. 
The sperrnatophytes are the dominant plants of our time and exceed 
in number of known species all other groups of plants taken together. 

The reason for the dominance of the Spermatophyta is the fact that 
they are more effectively adapted to the land habitat than any other 
plants. Although the types of plants which we have discussed in the 
preceding chapters of Part II, or the groups to which they belong, cer- 
tainly do not represent an actual evolutionary series which has cul- 
minated in the production of the seed-bearing plants, they do illustrate 
what were probably some of the principal changes which took place 
during the evolution of the Spennatophyta. 

It will be recalled that among the forms thus far studied the follow- 
ing progressive changes have taken place: 

1. An increase in the size, complexity, differentiation, and inde- 
pendence of the sporophyte and in its adaptation to life on land. 

2. A reduction in the quantity of the sporogenous tissue of the 
sporophyte relative to those tissues concerned with vegetative activity. 

3. In plants above the bryophytes, a reduction in the size and an 
increase in the simplicity of the gametophyte generation. In hetero- 
sporous Pteridophyta, this progressed so far that the gametophyte 
became dependent upon the sporophyte, much as the sporophyte was 
dependent upon the gametophyte in the liverworts and mosses. 

4. The retention of the megaspores within the megasporangium 
after their germination, in SelagineUa and in certain other Lycopodineac 
and in the water ferns. In these plants the megaspores and contained 
female gametophytes remain within the sporangium until after fertiliza- 
tion has taken place, and in some species even until the embryo sporo- 
phyte is far advanced in its development. This is in striking contrast 
to the shedding of the spores before germination in most other pterido- 
phjdes. 

5. Increasingly effective provision for spore dissemination. 
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The tendencies just enumerated reach their culmination in the 
seed plants, for: 

1. The sporophyte of the seed plants may attain a length of hun- 
dred^ of feet; it has the most highly complex differentiated tissues found 
among plants, and is dependent upon the gametophyte for a very short 
period only. 

2. Although an immense number of spores may be produced, 
the (sporogenous) tissue which is devoted to spore production is greatly 
reduced relative to the vegetative tissues and is generally a very small 
fraction of the tissue of the sporophyte. 

3. The male gametophyte (pollen grain) is finally reduced in flower- 
ing plants to three cells, and the female gametophyte (embryo sac) in 
some of the liighiT set'd plants to eight cells, and both derive their food 
entirely from the sporophyte. Aiitheridia and archegonia, if repre- 
sented at all, are very much reduced. 

4. Fertilization is not conditioned by the presence of water, for 
the male gametophyte (shed microspore or pollen grain), carried by 
wind or insects to the vicinity of the megaspore, develops a tube (pollen 
tube) down which the male gametes pass to the female gametophyte. 
h^xcept in a few very primitive seed plants, the male gametes have no 
cilia. With the loss of cilia by the male gametes there disappear the 
last structures which give direct evidence of the aquatic origin of the 
higher plants. 

5. The rru'gaspore (usually one in each megasporangium) is never 
released from the megasporangium (nucellus). Th(' megaspore gives rise 
to the female gametophyte, and within this is developed the embryo 
sporophyte. The young sporophyte, together with gametophytic tissue 
and sometimes a mass of nutritive tissue, eventually becomes the seed. 

CHIEF DISTINGUISHING CHARACTERISTICS OF SPERMATOPHYTA 

The two characteristics which most sharply differentiate the Sper- 
matophyta from all other plants are (1) the formation of a pollen tube 
and (2) the production of seeds. These two characteristics have prob- 
ably beeu of great importance as factors making for the success of the 
seed plants, first, because the pollen tube has released them from dei^nd- 
ence upon water for fertilization, and second, because the seed is an 
extremely efficient structure for reproduction and multiplication, being 
able to retain its vitality for many years (in some cases no doubt for as 
many as a hundred) and very resistant to desiccation and to great ex- 
tremes of temperature. Seeds are also well adapted for wide dissemi- 
nation, and, on account of the weU-advanced state of development of 
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the embryo sporophyte within the seed 
and the supply of stored food available 
to it, the new plant after germination 
is able to become well established 
before it must become seK-supporting. 
These facts and the possession of very 
eflScient organs and tissues for absorp- 
tion, conduction, and conservation of 
water make it possible for seed plants 
to thrive in habitats which are much 
drier than those to which the Bryo- 
phyta and Pteridophyta are for the 
most part restricted. 

The seed -bearing plants include 
species which are adapted to a wide 
range of conditions. By far the 
majority are autophytic, but a few are 
heterophytic, as for example, such 
saprophytes as Indian pipe {Mono- 
tropa) and the Sierran snow plant 
{Sarcodes)y and such parasitic forms as 



Fig. 428. — Mistletoe (Phoradendron 
flvjescem)y a parasitic flowering 
plant in dense clumps on the 
branches of an oak tree. The 
picture was taken in the spring 
before the tree had developed its 
leaves. 



Fig. 429. — Mistletoe {Phcrradendron villosum) on a branch of an oak tree. (After 
Owens, from Principles of Plant Pathology.) 
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dodder {Cuscuta) and mistletoe {Viscum and Phoradendron), Auto- 
phytic seed-bearing plants are to be found in almost every location 
where organisms can exist at all. They are lacking in the following 
habitats: 

1. The open sea, though many grow entirely or partially immersed 
in the shallow water along the seacoast. 

2. The most precipitous of smooth, rocky cliffs, though some seem 
actually to prefer steep, rocky slopes. 



Fig. 430. — Cross srrtion of an oak branch parasitized by mistletoe. The wood of 
mistletoe is lighter in color than oak wood; the wedge-shaped masses of tissue 
of th(; parasite may be seen penetrating the host along the medullary rays. 
(After Owens, from Principles of Plant PatJwlogy.) 


3. The deeper parts of large bodies of fresh water, though they are 
found along the shores and extending some distance into lakes, ponds, 
and slow-flowing rivers. 

4. The driest parts of certain deserts, where there is no rainfall. 

5. Eegions of perpetual snow, such as the summits of some peaks 
and certain parts of the polar regions. 
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In addition to the typical terrestrial forms there are many aquatics, 
such as the water weed (Elodea) and marine eel-grass (Zostera), and a 
large number of epiphytes, mostly tropical or subtropical, such as the 
so-called Florida moss (Tillandsia), a member of the pine-apple family, 
and many orchids. 

The seed plants have in all probability descended from pteridophyte 
ancestors, through forms long extinct which were intermediate between 

certain of the living ferns and 
the most primitive of the Sper- 
matophyta. Inasmuch as the 
first part of this book was de- 
voted very largely to an account 
of th(' morphology and the phy- 
siology of the sporophyte of the 
seed-bearing plants, we shall not 
discuss those subjects here. In 
this chapter we shall n^strict 
ourselves for the most part to 
an account of the gametophyte 
generation of several types of 
the seed plants, a description of 
sexual reproduction and the ori- 
gin of the new sporophytes ((‘m- 
bryos of the schhIs) in thc'se 
plants, and to a statement of 
th(‘ homologies which exist be- 
tween these* plants and the Pteridophyta and Bryophyta. 

The Sperrnatophyta consist of two wedl-rnarked classes, the Gym- 
nospermae (gymnospeTins) and the Angiospermae (angiosperms). These 
two class names are based upon one of the best-defined distinctions 
between the two groups. The seeds of the Gymnospermae (naked- 
seeded plants) are borne upon the surface of i\m mt'gasporophyll (carpel 
or cone scale), whereas the seeds of the Angiospermae (covered- 
seeded plants) are always formed within a closed structure (the ovary) 
formed by the union of the margins of one or more mcgasporophylls 
(carpels). 





Fig. 431. — Photomicrograph showing a 
cross-scction of a clover stem, and at the 
right a portion of the stem of the parasitic 
plant, dodder (Cmcuta), in section with a 
naustorium i)enetrating the tissues of the 
host. 


GYMNOSPERMAE 

The gymnosperms are all woody, perennial forms and, with few 
exceptions, arc evergreen plants. They are of great economic impor- 
tance as sources of timber, rosin, and turpentine. The group is a rel- 
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atively small one, including only about 500 species, whereas there are 
more than 125,000 species of angiosperms. Among the best-known 
gymnosperms are the pines {Pinus), spruces (Pzcea), firs {Abies) y 
larches {Larix), junipers (Juniperus), frequently but incorrectly called 
cedars, the so-called Douglas fir {Pseudotsuga)^ and the redwood and 
big tree {Seqiioia). We shall use the genus Pinus as a type of this 
group since its life history is 
better known than that of any 
other gymnosperrn. 

LIFE HISTORY OF PINUS (PINE) 

The Sporophyte. — The famil- 
iar pine tn^e is the sporophyte 
plant and is homologous with 
the attached, d(ipendent sporo- 
phyte (foot, seta, and capsule) of 
a moss and with the familiar fern 
plant (root, rhizomes, and fronds). 

The most striking characteristics 
of the pine sporophyte' are as fol- 
lows: (1) excurrent branching; 

(2) retention of the k'aves during 
the winter; and (3) the grouping 
of the long and slender needk'- 
like foliage leaves in clusters or 
fascick'S generally of two to five. 

Excurrent branching and the 
evc'rgrec'n habit are characteris- 
tics of most g>Tnnosp('rms, but 
the fascicles of leaves closely held 
togethc'r at the base by a circle of 
scak's is peculiar to the pines. As 
in most of the common gjTnno- 
sperms, the wood contains no vessels but consists mostly of tracheids 
with many bordered pits. The lim'ar form of the leaves, their very 
thick cuticle, and the depressed stomata show the pines to be xerophytic 
plants as are most of the gymnosperms. 

The Strobili. — The sporophylls are borne in strobili or cones. There 
are two kinds of strobili, megasporangiate and inicrosporangiate, bearing 
megasporophylls and microsporophylls, respectively (Fig. 433, and 
Figs. 435 and 436). Because of the general use of the terms carpels 



Fig. 432. — Dodder (Cuscuta)y a parasitic 
angiospc'rm. To the right, a sei'd and a 
s(‘edling of the parasite before its separa- 
tion from the soil and its attachment to 
the host. To the left, two alfalfa seed- 
lings already parasitized and the para- 
sit(i no longer attached to the soil. 
(From Robbins and Kggington, Colo- 
rado FA'periment Station Bulletin.) 



Fia. 433. — Sugar pine {Pinus lamhcrtiana). 1, twigs showing last year’s folijige 
leaves, staminate (microsporangiate) strobili, and young leaves of this year’s 
foliage;; 2, a single staminate sirobilus; 3 to 5, bracts and mierosporophylls; 
8, carpellate (megasporangiate) strobili; 9, megasporophyll as seen from below 
and showing the bract and the ovuliferous scale;; 10, the same from above show- 
ing the megasporangia (ovules); 11 to 14, arrangement and struejture of the 
needles (foliage leaves); 15, end of a twig showing one terminal and two lateral 
buds. (From Sargent’s Stlva of North America,) 
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for megasporophylls and stamens for microsporophylls among the flower- 
ing plants (angiosperms), the two kinds of strobili in the gymnosperms 
are often spoken of respectively as carpellate and staminate strobili or 
cones. They are borne upon the same individual plant. 

Megasporangiate Strobili and Megasporophylls. — The familiar pine 
cones are the carpellate or megasporangiate strobili. They remain on 
the tree for the greater part of two years in all pines, and in some for 
many years. These cones first make their appearance at the beginning 
of the growing season when the parts within the buds develop, and 
growth in length of the twigs begins. At the time there may be found 
near the tips of certain branches the newly formed miniature cones. 



Fig. 431. — Photomicrograph of cross-section of pine needle. In the endodermal cells 

note the Casparian strips. 

They scddoin ex(*eed a centimeter in length and are generally deep red 
or flesh color. They consist of a central axis upon which the megasporo- 
phylls arc spirally arranged. If one of the megasporophylls is removed 
from a strobilus and exarnint^d with a lens, it will be found to consist 
of a very short stalk and a scale to which a bract is attached on the 
lower side (Figs. 433, 9 and 10, and 437). On the upper side and near 
the base of the scale are two rounded or oval swellings. These are the 
ovules which eventually become the seeds. Sections cut lengthwise 
through an ovule show that it consists of an oval mass of tissue (the 
nucellus or megasporangium) surrounded by a single integument and 
with a micropyle which is directed toward the base of the scale (Fig. 
438A). At the opposite end from the micropyle, the tissue of the 
integument and nucellus is continuous with that of the scale. 
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Microsporangiate Strobili and Microsporophylls. — The staminate or 
microsporangiate strobili are produced in much larger numbers than 
the carpellate cones and are smaller in size. They are found in clusters 
near the ends of some of the branches. Like the megasporangiatc 
strobilus, the micTosporangiate strobilus consists of a short axis on 
which the microsporophylls are arranged spirally. They generally 
make their appearance soon after the beginning of the growing season. 

The microsporophyll con- 
sists of a stalk, bearing at 
the end an expanded s(!ale- 
likc portion. To the un- 
der side of this scale and 
t o the side of the stalk the 
two microsporangia (pol- 
len sacs) are attached. 
Generally the microspon^s 
(pollen) are shed within a 
few weeks after the strobili 
have made their appear- 
an(*(‘, whereupon the stro- 
bili, having pc^rformed their 
function, wither and soon 
fall from the tree. 

Megasporangium and 
Megaspores. — Quite early 
in th(' development of the 
cone, sections of the nuc(4- 
lus (megasporangium) show 
near its cent(‘r a single 
c(‘ll, the megaspore mother 
cell, which is considerably 
larger than the surround- 
ing cells and which has 
dcmse cytoplasm and a 
large nucleus. (See Figs. 
438, A and B.) The 
conspicuous spore mother cell within the nucellus of Pinus soon under- 
goes two successive divisions and thus four megaspores are formed. In- 
stead of being arranged in a tetrahedral group as are the spores of all the 
Bryophyta and Pteridophyta and the microspore of the seed plants, these 
four spores lie in a row as shown in Figs. 438, D and 445. All vegetative 



Fig. 435. — Tip of a branch of Monterey Pine 
{Pinus radiata)f showing two mcgasporanKiate 
strobili (carpellate cones) a short time after their 
appearance in the spring and about the time pol- 
lination takes place. 
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cells of the pine and those of the carpellate strobili, including the spore 
mother cell, belong to the sporophytc generation and their nuclei have 2n 
chromosomes. The first of the two nuclear divisions by which the 



Fig. 43G. — Sugar pine {Pimis lamhertiana). 1, mature rone; 2, single carpellate 
scale with two seeds attach(*d; 3, single mature seed; 4, longitudinal section of 
s(‘e(i, showing embryo embedded in endosperm; 5, embryo separated from seed, 
showing many cotyledons. (After Sargent from Silva of North A^mrica.) 
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Fig. 437. — Mcgasporophylls of Pinas, A, about the time of pollination. R, after 
the seeds have matured. Note that the two drawings are made from different 
species. 



Fig. 438. —Diagrams showing the megasporophyll of pine in longitudinal section and 
four stages in the production of megaspores from the spore mother cell. 
(A, redrawn after CJoulter and Chamberlain.) 
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megaspore mother cell gives rise to four megaspores is a reduction 
division (in which nuclear division is by meiosis) such as we have 
already described in our account of the life history of a true fern. 
Accordingly, the nucleus of each megaspore has n chromosomes. One 



Fia. 439. — Tip of a branch of Piniis bearing microsporangiate strobili (staminate 
cones). The strol)ili near the base of the cluster have already shed part of their 
pollen while in those in the upper part, of the cluster the microsporophylls have 
not separated and no pollen has been liberated. 

of the four rnegaspores, the one farthest from the micropyle, now 
enlarges at the expense of the other three, which are finally completely 
absorbed. 

Microsporangium and Microspores. — The development of the 


I 
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microspores within the microsporangia in Pinus is not essentially dif- 
ferent from spore production in the ferns. In order to study the early 
stages in the development of the sporangia and the spores, the rudi- 
mentary strobili must be dissected out of the terminal buds before the 
beginning of the season of active growth. In Pinus LariciOj at Chicago, 
microspore mother cells were found as early as October of the year 
preceding the opening of the buds and the appearance of the strobili. 
The sporangium wall consists of several layers of cells, of which the 

innermost at least is a tapetal layer 
such as is found surrounding the 
spore mother cells in the mosses and 
pteridophytes. The reduction divi- 
sion whi(;h reduces the chromosome 
number to n and the second division 
take pla(*e early in the spring and 
results in the formation of a tetrad 
of microspores from each microspore 
mother cell (Fig. 444 B). 

Germination of Microspores and 
Development of Male Gametophyte. 
— The pollen grains or microspores 
of Pinus germinate (that is, undergo 
>MicrosporophyiiB nucdcar divisions and thus begin the 
formation of the male gametophyte) 
as much as a month before they are 
shed from th(^ microsporangia. We 
shall describe the germination of tlu^ 
microspon^ bc^fore taking up the de- 
velopment of the female ganu'to- 
pliytes, since it occurs months be- 
fore the germination of th(^ mega- 
spore. 



440. — Photomicrograph of 
median lengthwise section of mi- 
orosporangiate (staminate) cone 
of pine. 


The microspore just before its germination consists of an oval cell 
with a single large nucleus (Fig. 444 C). Ea(;h microspore has two bal- 
loon-like (Fig. 444 C-F) wings which are formed by the separation of 
the exine laytir of the wall from the intimi at two places and an inflation 
of the spaces thus formed between the two layers. The wings are 
air-filled and each may at tliis stage be almost as large as the spore 
proper. Of the two nuclei formed by the first division of the single 
nucleus of the spore (Fig. 444 D), one becomes flattened out against 
the spore wall and is soon cut off from the other daughter nucleus and 
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from most of the cytoplasm of the spore by a thin cell wall. This 
nucleus, which we shall call the first vegetative nucleus, rapidly degen- 
erates. Its sister nucleus has meanwhile undergone a second mitosis. 
Of the two resulting nuclei (Fig. 444FJ), one is the second vegetative 
nucleus, which behaves like the first vegetative nucleus, and the other, 



Fig. 441 . ~ Micro.sponuiKiati* strohilus imd niirrosporopliylls of Pinus. A, strohilus 
in lonKitudiiniJ section. P niul (' two views of a niicrosporojihyll, the latter in 
longitudinal section. 

togotlKT with the cytoplasm surrounding it, is called the antheridial 
cell. The two vegetal ive ctdls apparently perforin no function but are 
mer(‘ly vestigial ctdls corn^siionding to the vegetative cells which make 
up the grt'ater part of the garnet ophyte of tlK‘ ft'rns and to the single 
vegedntive cell of the* male gam(doi)hyte which develops within the 
microspore of Selaghiella. A short time before the microspores are 
shed the antheridial cell undergoes division into a smaller cell, the 
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First Vegetative 
Nucleus (degenerates) 



2 Male or 
Sperm Nuclei 


Stalk 

Nucleus 


Fig. 442. — Diagram showing niirloi formed during development of the male game- 
tophyte from a microspore of a ])]nc. 



Fig. 443. — Part of a voung microspo- 
rangium of Pinus showing divisions 
of the pollen mother cells. (Redrawn 
in part from Coulter and Chamber- 
lain.) 


generative cell (cut off against 
the second vi'gctalive cell), and 
a larg(T cvW, the tube cell (Fig. 
444F). 

Pollination. — About this time 
the microsporangia didiisci' longitu- 
dinally and th(‘ polh'ii grains (micro- 
spores) are liberated . The cpianti ty 
of polh'n i)r()duced is astonishingly 
large. TIuit sh(‘d by a single Scotch 
pine may be as much as a litiT. It 
is yidlow in color and resimibk's tlu' 
finely powderc'd form of sulphur 
call(‘d “ flowers of sulphur.” There 
are rt'cords of pint' 7)ollen having 
been borne for hundreds of miles 
by the wind. Microscopic exami- 
nation, at the time of pollenshed- 
ding and for weeks after, of water, 
soil, or the surface of plants any 
where in the vicinity of pines, 
will almost unfailingly reveal the 
characteristic pine microspores. 
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As in all wind-pollinated plants, by far the greater part of the pollen 
is wasted. Some does, however, reach the carpcllate cones, the mega- 
sporophylls of which at this time are slightly separated, so that some 



Fra. 444 — Siiccossivc stages in the development of the microspore and male gameto- 
jdiyte of l*inm hiricio. showing th(‘ t(*lophase of the second division of the 
sfiorc* mother cell. showing threi* of the four sjiores of a tetrad some time 
before' maturity. C, a mature inicrospore. D to F, successive stages in the 
d('vi'loj)ment of tJu' male gameto])hyte up to the time the spores are shed. 
<7, about a year after pollination and some time before fertilization. Figure 442 
shows diagrammaticaily the nuclear divisions and other nuclear changes which 
accompany the development of the male gametophyte of Finns. (Redrawn 
from (Joultcr and Chamberlain.) 


of the pollen grains sift down between them and come to lie in close 
proximity to th(' rnicropyles of the ovules. Just at this time the nucellus 
in each ovule exudes a quantity of a sticky fluid, which protrudes 
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through the micropyle so that it comes in contact with some of the 
microspores. As the drop dries up, the pollen grain or grains are 
drawn down through the micropyle and come in contact with the 
nucellus itself. Pollination is accordingly different from that of the 
flowering plants (angiosperms) in that the pollen grain, instead of being 
brought into contact merely with the stigma (tip of the carpel or car- 
pels), is, in Pinus and many related g 3 "mnosperms, brought into direct 
contact with the megasi^orangium (nucellus of the ovule). 

Subsequent Changes up to Fertilization. — It will be recalled that at 
the time of pollination the pollen grain contains a male gametophyte 
consisting of two flattened and much-disorganized vegetative cells, the 
generative cell, and tlie tube cell (Fig. 444F). The ovule is at this time 
in the condition already described, th(^ nucellus of the megasporangium 
proper b(dng surrounded b}" a single integument and (inclosing a single 
functional megaspore whicli is larger than the surrounding c('lls but 
lacks any thick spore w^all such as is found in Sdaginella, and tlu' wat('r 
ferns. In Pinus Laricio, at C hicago, pollination was found to take place 
about the middle of June, 

Very soon aft(T ])ollination, the scales of tlie carpcdlate cone are 
pressed together as th(‘ result of their growth and are seak'd t-ogetluT 
by an exudation of jatcli, and the whole cone is inverted b^^ th(‘ curva- 
ture of its stalk. During the subscHpient (Jeveii months th(' male 
gametophyte do(‘S not. devc'lop to an}" considc'rable extent. A short 
pollen tube is formed b}" t'ach pollen grain. This tube, which may 
branch somewhat, penetrates the tissiu* of the* nucellus and grows 
downward very slowly until cold weathcT comc'S on. 

Development of Female and Male Gametophytes. — During the 
year following ])ollination there is developed from the* mt'gaspore a con- 
siderable mass of tissue wdiich is the fc‘inak‘ gam('toi)h 3 i-(' and is oftc'ii 
spoken of as the endosperm, but wliich, howevcT, is not homologous 
wdth the endosi)erm in the seeds of flowering jdants. Its ccdls differ 
from those of the surrounding micellar tissue in that their nuck'i have 
but half the chromosome number of the cells of th(i nucellus, since the 
first division of the nucleus of th(' nic^gaspon^ mother cell (s(k^ page 
542 was by meiosis. The manner of demdopment of this fc^rnale 
gametophyte, or endosperm, is as follows: The megasporci first 
enlarges considerably at the expense of the micellar tissue which sur- 
rounds it. It then germinates, i.e., undergoes division of its nucleus 
into two nuclei. These two nuclei are not separated by a wall, however, 
and they undergo repeated division without wall formation. After 
this (free nuckiar) division has continued for some time, walls are 
formed between the nuclei and there results a solid mass of gametophyte 
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tissue which has displaced a considerable amount of the tissue of the 
nucellus. 

Late in the spring of the following year (nearly a year after pollina- 
tion), there arc formed at the end of the female gametophyte nearest 
the micropyle a number of archegonia, generally two or three, which are 
quite different in appearance from those of the Pteridophyta or Bryo- 
phyta. The number of archegonia is much greater in certain gymno- 


Micropyle 



Fig. 445. *140. 

Fig 445 -Finns austriaca. Four megasporos which have arisen by the divisions of 
the niegaspore inothiT cell within the miccllus. The large basal e(41 is farthest 
from the micropyle and is the one which gives rise to the h'inale gametophyte. 
( Redrawn after Ferguson.) 

Fig. 446. — Ovule of pine at about the time of fertilization. (Redrawm after Coulter 

and Chamberlain.) 

sperms, sixty for examf)le in ScQu^oia sctnpcrvivciis. Jjacli archegonium 
has its origin in a single superficial cell of the gametophyte, and no part 
of it projects above the surface of the gametophyte. When fully devel- 
oped, each archegonium consists of eight small neck cells in two tiers 
of four, the ventral-canal cell, and a very large cavity containing the 
egg cell, which almost fills it. The ventral-canal cell disorganizes before 
fertilization. Neck-canal cells are entirely lacking. The cavity in 
which the egg lies is surrounded by a layer of cells, the jacket cells, 
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which have dense cytoplasm and large nuclei and suggest the tapetal 
cells in sporangia. Although the function of the jacket cells seems to Le 
similar to that of tapetum, it must be borne in mind that the tapetum 
is made up of sporophyie cells and nourishes the spore mother cells and 
spores, whereas the jacket cells belong to the gametophyte and supply 
food to the egg cell and later to the embryo. The jacket cells are 
therefore not homologous with tapetal cells. 

The archegonium is not 
fully developed and ready for 
fertilization until about a year 
after pollination. During the 
second spring the pollen tube, 
which has ceased development 
during the cold winter months, 
has been growing slowly down- 
ward and penetrating the 
nucellar tissue which caps the 
apical portion of the female 
gametophyte. The tube nucleus 
has by this time passcxi 
from the body of the spore 
into the tube. Meanwhile, 
the generative cell has divided 
into a stalk cell and a body 
cell (Fig. 4-1-1 G)f which also 
soon pass into the tube. In 
the tube the nucleus of the 
body cell divides into two 
nuclei wdiich are the sperm 
nuclei and correspond to the 
sperms of the Pteridophyta 
and Bryophyta. Thus, the 
Fig. 447. — Tip of jwllcn tube of pine, just ixilly developed male gameto- 

Ferguson.) phyte consists of two dis- 

organized vegetative cells in 
the body of the spore and four nuclei, with a quantity of surrounding 
cytoplasm, which lie in the tube. These four nuclei in the tube are 
(1) the tube nucleus, (2) the stalk nucleus, and (3) two male or sperm 
nuclei. The stalk nucleus is surrounded by cytoplasm about which is 
a definite membrane, so that we may speak of the stalk cell. The 
nuclei of the gametes are large and stain more densely than do the 
other nuclei in the tube, and their cytoplasm is quite clearly differentiated. 
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Fertilization. — When the tip of the pollen tube reaches the sur- 
face of the female gametophyte, it destroys the neck cells and discharges 
the four cells which it contains into the cytoplasm of the egg. 

The nucleus of one (the functioning) male cell now moves toward 
the large egg nucleus which lies deep in the cytoplasm of the egg cell, 
and fusion of the two gamete nuclei takes place. The non-functioning 
male nucleus and the tube and stalk nuclei soon undergo disorganiza- 
tion, their material becoming part of the food store of the zygote. 



1 







Fig. 448. — Diagrams showing stages in the development of the pro^mbryo of Tinus 
from the zygote; 1, shows the zygote before the first division of the fusion nucleus; 
2 to 7, see" explanation in the text. 


Formation of the Embryo. — Immediately after the fusion of the 
functioning male nucleus and the egg nucleus, the first division of the 
zygote nucleus begins. In this division twenty-four chromosomes (the 
sporophyte number) of which twelve (the gametophyte number) were 
contributed by the nucleus of the male cell and twelve by the egg nucleus, 
are involved. These split so that each daughter nucleus of the zygote 
receives twenty-four chromosomes. A second mitosis then takes place 
and thus four free nuclei are formed. These pass to the b^e of the egg 
cell where each nucleus divides again. During this division, walls are 
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formed between the resulting eight nuclei which lie in two tiers of four. 
By later divisions sixteen cells (four tiers of four) are produced, of which 
the uppermost four are not cut off from the cytoplasm of the egg (Fig. 

448, 5, 6). This group of sixteen cells is called the pro-embryo. Of 
the four tiers of cells of the pro-embryo, those in the next to the lowest 
tier elongate to ten or twelve times their original length (Figs. 448, 7 and 

449, A). They are called suspensor cells, and their elongation causes 

the four cells of the lowermost tier to 
be pushed deep down into the endosperm 
(female gametophyte tissue) below the 
arehegonium. The eight cells of the two 
upper tiers remain within the cavity of 
the original (igg (^ell and serve to absorb 
food for the nourishment of the four em- 
bryo cells, each of which develops into 
an embryo. Since there may be three 
andiegonia wathin a single pine ovule, 
iis many jus twelve young embryos may 
thus be formed. Before their develop- 
ment liJis progressed far, one generally 
surpasses the otluTs and finally develops 
at their expemse into the one functioning 
embryo of the scH^d. 

The Seed. — Even aftcT fc'rtilization 
th(i endospeTm continues to grow, em- 
croaching upon the tissue of the nucellus 
and absorbing it. Accordingly, in the 
ripe seed nothing remains of the nu- 
cellus but a brown, papery layer capping 
the endosperm at the micropylar end of 
the seed. Buried in the endosperm of 
th(' nijiture sckxI is the embryo, which 
consists of the radicle, the hypocotyl, 
three to many cotyledons, and the 
plumule. The seed coat ('^shel^^) of 
the pine seed is formed by changes in the tissue of the integument. 
After fertilization and while the ovule is developing into a seed, the 
whole carpellate cone grows to many times its previous size and the 
tissues of the cone scales become woody and hard and lose most of their 
water. In most species the scales separate after the seeds have become 
mature, and permit the seeds to fall from the cone. 

In many pines a layer of tissue from the upper surface of the cone 



Fig. 449. — Further development 
of the pro-embryo of pine, 
showing early stages (.4 and 
B) in the development of the 
embryos. (Redrawn after 
Coulter and Chamberlain.) 
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scale splits off to form a wing, which remains attached to the base of 
the seed when it is shed. This imparts a spinning motion to the seed 
as it falls, and slows up its rate of descent so that in a moderate breeze 
the seeds may be carried some distance from the tree on which they are 
produced. The germination of pine seeds does not differ in any very 



Fia. 450. — Two stages in the development of jniie seed, shown in longitudinal section. 
A, more highly niagnifi(‘d than /i, and showing an earlier stage of development. 
Note the numerous embryos m A and the single' surviving embryo in B, also 
the^ gre'ater relative' reduction of the iiucellus in the older seed. (Re'drawn 
from Curtis.) 

significant particular from that of the angiosperin seeds discussed in 
an earlier chapter. 

SUMMARY OF THE PRINCIPAL FEATURES OF THE LIFE 
HISTORY OF PINE 

1. Formation of microspore mother cells within the microsporangia 

(two microsporangia are borne upon each microsporophyll of the 
staminate strobilus). 

2. Formation of a tetrad of microspores from each microspore 
mother cell by two divisions, of which the first is a reduction division 
and marks the beginning of the male gametophyte, the nuclei of the 
microspores having therefore n chromosomes. 

8. Germination of the microspores within the microsporangium. 
At the time these spores are shed the male gametophyte consists of two 
disorganized vegetative cells, a tube cell and a generative cell. 

4. Appearance within the ovule (which consists of the megasporan- 
gium or nucellus and an integument) of a single conspicuous megaspore 
mother ceU. 
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5. Division of this cell to form a row of four megaspores, the first 
division being a reduction division (so that the nucleus of each mega- 
spore has n chromosomes) and marking the beginning of the female 
gametophyte generation, and the development of one of these mega- 
spores at the expense of the other three until it becomes the sole 
functioning megaspore. 

6. Escape of microspores, and pollination by wind. The micro- 
spores sift down between the megasporophylls and come to lie near the 
megasporangia. They are drawn in through the micropyle to the sur- 
face of the megasporangium (nucellus) by the retraction, as it dries, of 
a mucilaginous drop protruding from the micropyle at the time of 
pollination. 

7. Formation of a pollen tube, which grows slowly downward 
through the tissue of the nucellus. It develops short, irregular branches 
which appear to act as haustoria and absorb food from the tissue of the 
nucellus. The growth of the pollen tube ceases during the winter but 
is resumed the following spring. 

8. Germination of the megaspore and growth of the female game- 
toph 3 rte (endosperm) at the cxpcmse of the tissue of the nucellus. For- 
mation at the apical end of the female gametophjrte of several archegonia 
of much simpler form than those of the Pteridophyta. 

9. Entrance of the pollen tube into the archegonium and discharge 
of its contents into the egg cell. This takes pla(‘e about a year aft(T 
pollination. The contcmts of the pollen tube consist of the stalk (;ell, 
the tube nucleus, and two sperm nuclei (the latter three derived from 
the generative cell mentioned in 3 above) and some cytoplasm. One 
male nucleus fertilizes the egg nucleus (this initiates the sporophyte 
generation), and the other nuclei disorganize. 

10. Immediate development of the zygote into a pro-embryo of 
sixteen cells, four of which are embryo cells and four suspensors. These 
latter four cells elongate and thrust the embryo cells deep into the 
tissue of the endosperm (female gametophyte). Eac‘h embryo cell 
begins to develop into an embryo, but onv. of tlu^ many embryos gains 
the upper hand and becomes the single functioning embryo of the sec'd. 

11. Development of the ovule into a seed, involving growth of the 
embryo, further growth of endosperm with almost (complete disapfx;ar- 
ance of the nucellus, and formation of the hard outer layer or shell ” 
of the seed from the integument. 

12. Germination of the seed. 

13. Growth into a mature sporoph 3 rte plant producing each season 
microsporangiate strobili and rnegasporangiate strobili. 

Other Gymnosperms . — What has been said of the structure and life 
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history of Pinus applies in its principal features to most of the common 
gymnosperms which belong to the Order Coniferales. To point out the^ 
principal variations from the Pinus type within this group would be 
beyond the scope of this book. The other three orders of the living 
Gymnosperms (Cycadales, Ginkgoales, and Gnetales) differ in a number 
of interesting and important particulars from Pinus, and nearly related 
genera. We shall give special attention to the Cycadales because they 
are probably the most primitive of living Gymnosperms. However, 
there are important extinct groups of Gymnosperms (Cycadofilicales, 
Benncttitales, and C-ordnitales), represented only by fossil remains, 
some of which, chiefly representatives of the Cycadofilicales, are more 
primitive than the Cycadales. The Cycadofilicales resembled ferns in 



Fig. 451. — Plaints of a speoics of Zamia showing (center and right) two microsporan- 
giatc strolnli and on the left a megasporangiate strobilus. Photograph furnished 
by C. J. Chamberlain. 


their external appearance, and the microsporangia were very similar 
to those of living heterosporous ptoridophytos, but the megasporangia 
were very different from those of present-day heterosporous Pterido- 
phyta, and a well-developed ovule was formed. The occurrence of a 
combination of pteridophyte and spermatophyte characteristics in 
Cycadofilicales has led to the conclusion that representatives of this 
group were probably the most primitive seed plants. 

In Cycadales or Cycads the plant body (sporophyte) consists of a 
stout stem which branches sparingly or not at all and bears a rosette 
of leaves at the ends of the stems. The plants have the appearance of 
tree ferns or palms. 

In the cycads the microsporophylls and megasporophylls are borne 
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upon difTerent individual plants. The microsporophylls bear numerous 
microsporangia (as many as 750 in the genus Dioon) and thus are in 
striking contrast with those of Pinus which bear only two micro- 
sporangia. In some of the Cycadales the megasporophylls show a dis- 
tinct resemblance to vegetative leaves. In most of the genera only 
two megasporangia arc borne on each megasporophyll. In Cycas, 
Zamia, and other genera of the Cycadales as well as in Gmkgo biloba the 
only living species of the Ginkgoales, the male gametes have cilia and 
are motile like the sperms of the Pteridophyta and Bryophyta. These 
gymnospcrms with motile sperms partly bridge the gap between the 
heterosporous Pteridophyta and the seed-bearing plants. 

We shall discuss briefly the life history of Zamia, a typical 
cycad. 

The megasporangium consists of a nucellus enclosed by a relatively 
thick integument. Formation of the megaspore mother cell and of 
four megasporcs, of which only one functions, is essentially the same as 
in Pinus, The megaspore on germination gives rise to a mass of tissue, 
the female gametophyte, consisting of small cells at the micropylar end, 
and of larger cells, nutritive in function, at the opposite end. Usually 
four archegonia, similar in most respects to those of Pinus, are found 
in each gametophyte. 

The microsporangia and the development of the microspore tetrads 
are not essentially different in Pinus and Zamia, The principal dif- 
ferences in the male gametophyte are that in Zamia (1) only one vegeta- 
tive cell is produced, (2) tliis vegetative C(fll does not degenerate at once 
but remains alive until the time of fertilization, and (3) the sperms or 
male gametes are provided with a large number of cilia and swim 
around for a time before fertilization takes place in the liquid which 
fills the small d('pression which occurs next to the micropylc at the 
end of the nucellus. 

After fertilization there is rapid free nuclear division resulting in 
many nuclei, which move towards the lower end of the egg. Walls are 
formed about the nuclei in this region, giving rise to a tissue known 
as the pro-embryo. In the upper part of the (^gg, numerous nuclei 
remain free for a period. Certain cells in the pro-embryo now begin 
to elongate, forming a suspensor, which pushes the tip cells of the pro- 
embryo deep into the tissue of the female gametophyte (endosperm), 
from which they obtain nutriment. The cells at the end of the long 
suspensor develop into the embryo which has two cotyledons, a stem 
growing point between them, a short hypocotyl, and a radic‘Ie. 

In the mature seed, the embryo sporophyte lies embedded in the 
endosperm (remnant of the female gametophyte) which is surrounded 
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by the remains of the nucellus, which in turn is enclosed by the seed 
coats, consisting of an inner stony layer and a soft outer one. 

In certain particulars Zamia is a plant with characters intermediate 
between those of the Pteridophyta and those of the higher Gymno- 
sperms, of which Pinus is a type. Features of the Cycadales, reminis- 
cent of Pteridophyta, are as follows: 

1. Pinnate foliage leaves, which are inrolled before maturity and 
continue to grow at the apex until their full size is reached. 

2. Concentric vascular bundles in leaf veins and in the axes of the 
strobilus. 

3. Leaf-like megasporophylls in certain groups. 

4. Motile sperms. 

Characters of the Cycadales which are similar to those of the higher 
gymnosperms are as follows: 

1. Vascular bundles in the stems of a gymnosperm type. 

2. Reduced gametophytes. 

3. Woody sporophylls in certain groups. 

4. Pollen tube. 

5. Pro-embryo. 

6. Seeds. 

7. Complete elimination of neck-canal cells in archegonia. 

Ginkgo biloha (order Ginkgoales) is the so-(‘alled “ maidenhair tree,” 
long cultivated in China and Japan and now to a considerable extent 
in this country. It is different from the Cycadales in being freely 
branched and bearing simple leaves which are fan-shaped and strongly 
suggest the leaflets of the maidenhair fern. Ginkgo is dioecious, and 
the microsporophylls and megasporophylls are much reduced and not 
leaf-like. 

The Gnetales in several respects are more like the angiosperms than 
are any of the other gymnosperms. Thus they have true v(jssels in the 
secondary wood; the groups of microsporophylls and iiu^gasporophylls 
an^ usually borne on the same plant; and in two of the three genera 
(Tumboa and Gneiuni) no archegonia are formed and the female 
gametophyte shows striking resemblances to the embryo sac (female 
gametophyte) of the angiosperms. 

ANGIOSPERMAE 

The second class of the Spermatophyta, the Angiospermae, far 
exceed in number of species and in their importance to man any other 
class in the plant kingdom. In fact, in the number of described species 
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the angiosperms exceed all the other plant groups taken together. The 
group includes, with the exception of certain gymnosperms which 
furnish timber, turpentine, and rosin, practically every plant which is 
utilized by man as a source of food, clothing, or materials for use in 
industry and in the arts. Although they include some very simple 
forms which have evolved by reduction from more highly differentiated 



Fia. 452. — Stages in the development of the anther of wheat. A, ero.s.s seetion of 
young anther. B, first division of archesporial coll. C, D, E and F, cross 
sections of anthers showing subsequent division. G, longitudinal section of F. 
H and /, cross and longitudinal sections of a locule of a young anther, showing 
mature microspore mother cells. (Redrawn from Percival.) 


ones, they represent without question the highest point in the evolution 
of plants. 

The angiosperms as a class are better adapted to the land habitat 
than any other class of plants, and accordingly are not only the most 
important and conspicuous clement in the flora of the earth but are rep- 
resented in practically every part of the world where plants can live 
at all. 
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Distinction between Gynmosperms and Angiospeims. — ^Although 
angiosperms have much in common with the gymnosperms, the two 
groups are quite distinctly marked off from each other. The principal 
points of contrast are : 

1. Whereas the gymnosperms are all woody, perennial plants, the 
angiosp(irms also include, in addition to such forms, many herbaceous 
annual and biennial plants. 

2. In typical angiosperms, microsporophylls (stamens) and mega- 
sporophylls (carpels) generally are borne together in groups (flowers); 
in the gymnosperms, as we have already learned, they are borne in dif- 
ferent groups (staminate and carpellate strobili). 



Fig. 453. A, lonRituclinfil section of a portion of the wall of the anther of wheat, 

B, transverse section of an anther lobe of wheal. (Redrawn from Percival.) 

3. With very few exceptions, vessels occur in the xylcrii of all 
angiosperms, but they are lacking in the xylem of all living gymnosperms 
except the Gnelales. 

4. Angiospeu’m s(‘C‘cls are borne within a closed structure (ovary) 
presumably resulting from the fusion of the edges of one or more mega- 
sporophylls, whtu’i'as tin? s(H»ds of the gymnosperms are boriKJ naked on 
the surface of megasporophylls, which do not form ovaries. 

Life History of Wheat (TriticAim), — In our discussion of the different 
major groups of plants, it has been the plan to trace in detail the life 
history of some one genus, which is fairly representative of the group 
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under consideration. This has been supplemented by a statement of 
the principal departures, which occur within that group, from the type 
representative. Among the several thousand genera of angiosperriis, 
there is for the most part marked uniformity in the essential stages ol 
their life history. As the angiosperm repre^sentative we have (chosen 
a member of the Gramineae or grass family, Triticuyn aesiirum (common 
wheat), not only because its life history has been rather completely 
worked out, but also because it is one of the most important and familiar 
plants in the world. 

As in the Pteridophyta and Gymnospermae, the sporophyte of 
wheat, and of other angiosperms, is the conspicuous generation in the 
life history; i.e., the sporophyte is ** the wheat plant. 

Inasmuch as the first half of this book was almost enlirc'ly devoted 
to an account of the structure and physiology of flowering plants, it will 
not be necessary for us to describe Iktc the mature angiospcTin sporo- 
phyte'. It will be recalled that the plant body of an angiospe'rm con- 
sists of a root, and shoot, the lat ter made up of the stems and leaves, and 
that in addition to foliage leaves the're are floral knaves. 

The principal features of the grass flower we^re described on page's 
250-254. The stamens and carpeJs are' re'spe'e*tively homologous uith 
the mieTOspe)rophylls and megasporophylls of Finns and heterosporoiis 
pteridophj^tes. In this chapter we shall use the' te'rms microsporophjdls 
and megasporophylls rather than the' synonymous terms stiime'ns and 
carpels which originated long before the' homology of these struc'ture's 
with tlie sjK)re'-bearing leaves of the gymnosperms and pteridophyte's 
was first suspected. 

M icrosporophylls and Microsporangia , — The anther consists at first 
of a small mass of meristematic cells (Fig. 452). The're are e'arly eliffer- 
entiated in this mass four separate groups of cedis which by furthe'r 
development will become the microsporangia. Each of the'se' groups of 
e*ells has its origin in a longitudinal row of e*e'lls just beneath the epi- 
dermis. Eaeih cell of this row divides, by a wall parallel to the surface 
of the anther, to form two rows of cedis. By further division of the cells 
of the outer row, st'veral layers of cells are formed, anel tliese', te)gethe'r 
with the' epidermis, make up the wall of the microsporangium. The 
innermost wall layer is the tapetum. The e;ells of tlie tafKd/Um break 
down during the development e)f the microspores, their protoplasm 
e'seaping into the? cavity of the^ microsporangium (polkiii sac) furnishing 
food for the^ devedoprnent of sporeis. By repeate'd elivision e)f the' ce'lls 
of the inner of the two longitudinal rows, microspore mother cedis are' 
forrneel. Each mother cell now undergoes two successive eudl divisie)ns, 
during the first of whiedi there is a reeluctie)n in the number of chromo- 
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somes. Thus, each mother cell gives rise to four microspores (pollen 
grains) , the nucleus of each having n chromosomes. 

Megasporophylls and Megasporangia . — The megasporangium (nucel- 
Ills) has its origin in a small mass of undifferentiated cells which pro- 
trude from the placenta. P>om the base of this projection arise two 
rings of tissue which grow up about the developing megasporangium. 
These two layers of tissue (the integuments) finally entirely envelop 



r^TG. 454. — IMcdiaii k'lipjthwiso portion of young ovules of wheat, showing devolop- 
inent of the* nit'gasporos and the degeneration of all but one of these. (Redrawn 
from Poreival.) 


the megasporangium proper, except for a small opening (micropyle) at 
the free end of the ovule (Fig. 454, D). 

While the megasporangium is still very small, one of the cells just 
below the epidermis of the nucellus bec^omes differentiated from the 
surrounding cells in size and in the appearance of its contimts. This is 
the megaspon^ mother cell, and the nucellar tissue surrounding it con- 
stitutes the megasporangium wall. No tapetal layer is formed. 

The nucleus of the megaspore mother cell now undergoes two ;juc- 
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cessive divisions and thus four potentital megaspores are produced. 
These spores are not arranged in the characteristic tetrahedral groups, 
as are the spores of all Bryophyta and Pteridophyta and the mi(Tospores 
of seed plants, but in a single row. As the first of the divisions by which 
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Fig. 455.- Diagram showing tho development of megaspores from a megaspore 
mother cell. C'ompare with I’lg. 458. 


the four spores arise is a reduction division, the spore mother cell is 
the last cell in the life cycle having the diploid chromosome number, 
the nucleus of each of the four spores having n chromosomes. Definite 

walls are formed around each mega- 
spore. Soon the basal megaspore 
begins to enlarge at the exjx'nse of 
the other three, and finally thesf^ three 
arc completf'ly absorb(‘d, leaving a 
single large functioning megaspore, as 
in PinuH. 

The Male Gametophyie . — Germina- 
tion of the microspore begins while it 
is still within the microsporangiurn. 
For convenience we shall consider the 
germination of the microspore and 
the development of male gametophyte as taking place in the following 
stages : 

(1) Division of the protoplast of the microspore into a tube cell and 
a generative cell. The cytoplasm of these two cells is clearly differ- 
entiated, but they are not separated by a wall. (See Fig. 456.) 



Fig. 456. — Pollen grain of Lilium at 
the time of shedding. Early stage 
of a mule gametophyte enclosed 
within the microspore wall. 
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(2) A little later, and before the shedding of the microspores, the 
division of the generative cell which produces two male gametes or 
sperms. (In many angiosperms the second division does not take, 
place until after the pollen tube is formed.) 



Fig. 457. — Stages in the development of the female gametophyte (embryo sac) ot 
corn. Longitudinal sections. A, 1-celled embryo sac (megaspore). R, 2-celled 
embryo sac. C\ 4-celled embryo sac. Z>, 8-celled embryo sac at time the polar 
nuclei have started to migrate. B, 8-celled embryo sac aftiT the polar nuclei 
have migrated. The megaspore mother coll and embryo sacs are embedded in 
nucellar tissue. (Redrawn from Miller, in Journal of Agricultural Research.) 


(3) Following pollination, the formation of the pollen tube. 

(4) Mig^ration of the two male gametes into the pollen tube, and 

the migration of the tube nucleus as well. 





564 


EMBIlYOPH\TA— THE SPERMATOPHYTA 


The mature male gametophyte (pollen grain) consisting of three 
nuclei and some associated cytoplasm, is even more reduced than that 
of PinuSj for in the latter case there are, in addition to the two sperm 
nuclei, the remnants of tw'o vegetative cells, a tube cell, and a stalk cell 
The Female Gametophyte {Embryo Sac ). — The protoplast of the sur- 
viving megaspore, as in Pinus, the Cycadales, and some heterosporous 
pteridophytcs, now undergoes free nuclear division. There results a 
female gametophyte consisting of eleven to fifteen nuclei lying free in a 
mass of vacuolate cytoplasm. In contrast with Pinus, cell walls are 
not subsequently formed between the nuclei of the female gametophyte 
in the angiosperins. 



MicrosporcB 
(Pollen grains) 

Haploid (ii) 


Fig. 458 — Diagram showing the ^Jrvolopmont of mirrosporos from the mierosiiorc 
mother cell. Cum])are with Fig. 455. 

This process of development of the female gametophyte may be con- 
veniently divided into the following states : 

(1) Th(} first division of the megaspore nucleus results in two nuclei, 
which promptly separate, and one of which moves to the micropylar 
end of the sac and the other to the opposite (antipodal) end of the sac. 

(2) Each of these two nuclei divides, so that there are two nuclei 
at the micropylar end, and two at the antipodal end. 

(3) Following this second division, each of the four nuclei divides, 
resulting in eight nuclei, four at the micropylar end and four at the 
antipodal end. 

(4) Now, a single nucleus from each group of four moves toward the 
center of the embryo sac. The two nuclei (polar nuclei) lie in contact 
with one another without fusing until the time of fertilization. 
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(5) The three nuclei at the end opposite the micropyle divide, form- 
ing a group of six to ten antipodal nuclei. Although not separated 
from one another by cell walls, each of these nuclei has about it a quan-^ 
tity of cytoplasm set off from that of neighboring nuclei by a thin 
membrane, so that we may speak of them as cells (the antipodal cells). 
In most angiosperms there are only three antipodal cells, and accord- 
ingly, the embryo sac generally contains only 
eight nuclei. 

(6) Of the three nuclei remaining at the 
micropylar end, one is the egg nucleus, and the 
other two are the synergid nuclei. Each of 
these nuclei has associated with it a quantity 
of cytoplasm, which is separated by a limiting 
membrane from the rest of the embryo sac*. 

Thus at the time of fertilization the female 
gametophytc^ of wheat and also of Indian corn 
as shown in Fig. ^160 consists of: 

(a) Two sjmergid cells or ''helper cells^' 
at the micropylar end of the embryo 
sac. 

(h) A single egg cell near the synergids. 

(c) Two polar nuclei, usually near the 

centcT of the caiibryo sac. 

(d) Six to ten antipodal cells, at the end of 

the embryo sac opposite the synergids. 

Pollination amd Developynent of the Pollen 
Tube . — The pollen of wheat is carried to the 
plunuvlike stigma by the wind. Within one 
and a half to two hours after pollination, 
tlu* pollen tube begins to develop. It pem*- 
t rates the tissue of the stigma and, entering 
the style, grows downward into the ovary, and 
makes its way to the micropyle. After passing through this opening, 
it penetrates tlu* tissue of the nueellus and (alters the embryo sac. 

Th(*re is considerabU* variation in different angiospermous plants as 
to the length of tlu* interval between pollination and fertilization. In 
wheat the union of the gamet(* with the egg nucleus has been observed 
between thirty and forty hours after pollination; In most herbaceous 
angiosiM'rms, the int(*rval is a few hours or days. In the elms, oaks, 
beeches, walnuts, orange and other speci(\s of Citru^iy and many other 
woody plants, the interval may vary from one to eleven months. 




Fig. 459. — Single hair of 
the of corn (Zea 

'mays), showiiiR i)atb of 
the pollen tube. (H(‘- 
drawn from Miller, in 
Journal of Agricultural 
Reaearch.) 



Tube Nucleus 


Male Nuclei 
ube 

yro sac of corn (esser/ially similar 
Lo fertilization. (Redrawn from 
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Fertilisation. — ^After entering the embryo sac, the pollen tube grows 
towards the egg nucleus. The tip of the tube is then ruptured and its 
contents discharged. One of the sperm nuclei fuses with the egg, 
nucleus, forming the zygote nucleus, and the second sperm nucleus 
imites with the polar nuclei to form the endosperm nucleus. 

At the union of a sperm nucleus with the egg nucleus, there is a 
doubling of the number of chromosomes, and the resulting zygote, the 
nucleus of which has 2n chromosomes, marks the beginning of the 
new sporophyte generation. At the union of the second sperm nucleus 
with the two polar nuclei, there 
is a trebling of the number of 
chromosomes. The resulting, 

“triple fusion nucleus” and 
the cytoplasm of the embryo 
sac associated with it develops 
into endosperm (3r? tissue). 

By the union of the sperm 
with the egg, the zygote is 
furnished with one set of 
chromosomes from the male 
parent and another s(*t from 
the female parent. These two 
S('ts are associated in all the 
cells of the sporophyte. Tliat 
is, in the first division of the 
zygote nucleus and in all subse- 
qiuuit divisions of sporophytic 
cells, chromosomes of paternal 
origin (contributed by the 
sperm nucleus) and those of 
maternal origin (contributed 
by the egg nucleus), split 
longitudinally and each daughter nuckais receives an equal amount of 
both maternal chromatin and paternal chromatin. There is reason to 
beli('vc that the chromatin of all the chromosomes contributed by the 
male and female gametes maintains its individuality in the nuclei of 
all sporophyte cells. 

The syncrgids degenerate at about the time of fertilization. During 
the growth of the embryo and endosperm, the antipodal cells also 
slowly degenerate. 

Development of Embryo Sporophyte . — The fertilized egg (zygote) 
becomes by repeated division a multicellular embryo sporophyte. In 


Male Nucleus 



Fig. 401 . — ^Longitudinal aoction of the lower 
portion of the embryo sae of corn at the timc^ 
of fertilization. One male nucleus is shown 
fusing with the two polar nuch'i, and the 
other male nucleus is shown fusing with 
the egg nueh'us. (Redrawn from Miller, in 
the JounuiL of Agricultural Research.) 
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wheat, the zygote undergoes division into two cells 9 few hours after 
fertilization. This two-celled body is the pro-embryo. One cell of 
the pro-embryo is the suspensor, and from the other cell the embryo 
develops. A depression appears at one side of the embryo, marking the 
position of the growing point of the stem. The scutellum (single 
cotyledon) arises from the tissue above this depression. The origin 
and development of the other organs of the embryo are shown in Fig. 465. 

Development of the Endosperm , — It will be recalled that in Pinus 
and in most other gymnosperms the nutritive tissue of the seed, the 
endosperm, is the female gametophyte, a mass of tissue developed by 
_ repeated divisions of the mega- 

spore nucleus and subsequent 
cell-wall formation. Even at 
^ Nuclei fertilization, this 

gametophyte tissue makes up a 
considerable part of the ovule, 
and after fertilization it con- 
tinues to grow until it finally 
displaces all the tissue of the 
Male nucellus (megasporangium). In 

X Nucleus wheat and all other angiosperms, 

the endosperm has an entirely 
diffenmt origin. It is initiated, 
not by the germination of the 
megaspore as in Pinus^ but by 
the division of the endosperm 
nucleus which is iho, product of 

T. X. . r , , the fusion of three haploid 

Fig. 4G2. — Fusion of male nucleus with i i • j 

two jjolar nu(*l(*i, in Lihiim aurontum, to nuclei (two polar nuclei and a 

nucleus spj.rm nucleus). Accordingly 

X1260. (Redrawn from Blackman and , , . 

Welsford.) the endosperm in most angio- 

sfx^rms is neither sporophyte 
tissue with 2/i chromosomes in the nuclei, nor gamed ophyte tissue 
with nuclei having 7i chromosomes. Unless there are irregularities in 
the nuclear division of the endosperm cells tlu^y would be expected to 
have nuclei with Sn chromosomes. 






Fig. 4G2. — Fusion of male nucleus with 
two jjolar nu(*l(*i, in Lihum aurantum, to 
form the primary endosperm nucleus, 
X1260. (Redrawn from Blackman and 
Welsford.) 


Although the first division of the zygote is followed by wall formation 
and all the cells of the embryo are enclosed in cell walls, the endosperm 
develops at first by free nuclear division. This phenomenon of repeated 
division of nuclei without cell-wall formation has already been met 
with in the development of the female gametophyte of Pinus, the 
Cycadales, and certain heterosporous pteridophytes. In whe^at, walls 
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are later formed about the free nuclei, and a more or less compact 
(uidosperm tissue results, the cells of which are largely filled with starch 
and protein. 

It will be recalled that in many plants, such as peas, beans, alfalfa, 
squash, sunflower, and many others, the endosperm is completely 
absent in the mature seed owing to its absorption by the developing 
embryo. In wheat, as in all other grasses, and in the castor-oil plant, 
and many other angiosperms, the endosperm constitutes a large part 



Fia. 4G3. — A, longitudinal section of the embryo sac of com 12 hours after fertiliza-- 
tion. H, 30 hours after fertilization. (After Miller, in Journal of Agricultural 
Research.) 

of the mature seed, continuing to perform its function of supplying food 
to the embryo after germination begins. 

The Seed . — The development of the angiosperm seed was discussed 
at length on pages 258-266. The student is referred to those pages in 
order t.o refn^sh his knowledge of this process, which, as described there, 
is very similar in its essential features to that- wtiich takes place in 
wheat. In the enlargement of the embryo and endosfK'rm, the tissue 
of the nucellus is encroached upon and either partly or totally absorbed. 
In the mature wheat seed, the nucellus constitutes a thin layer of cells, 
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Fig. 464. — Longitudinal sections of young embryos of wheat. In E and F, some of 
the cells have been omitted. (Redrawn from Percuval.) 



Fig. 465. — Ijongitudinal sections of the embryo of wheat in various stages of develop 
ment. (Redrawn from Percival.) 
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covering the outer surface of the endosperm. In the young wheat seed, 
there are two integuments of two layers of cells each. In the maturing 
of the seed, the outer integument is entirely absorbed, so that the- 
mature seed coat consists of two rows of cells belonging to the inner 
integument. It will be recalled that the so-called seed or grain 
of wheat is in reality a one-seeded fruit, in which the ovary wall has 
become firmly attached to the ovule. 

Thus it is seen that as a result of nuclear fusions in the embryo sac, 
which is embedded in the megasporangium (nucellus) of the ovule, there 
follows a series of changes, involving all tissues of the ovule, which 
result in the production of a structure termed the seed. The mature 
wheat grain possesses tissue belonging to (1) the parent sporophyte, 
(2) the embryo sporophyte, and (3) also an endosperm, which can not 
propc^rly he designated either as sporophytic or gametophytic. The 
seed coats and the nucellus consist of sp)orophytc tissue. 


SUMMARY OF THE PRINCIPAL FEATURES IN THE 
LIFE HISTORY OF WHEAT 

1. Formation of the microspore mother cells within the microspx)- 
rangium (pc^llen chamber) borne upon the microsporophyll (stamen). 

2. Formation of a tetrad of microspores from each microspore 
mother cell by two successive divisions, of which the first is a reduction 
division so that the microspore nuclei have n chromosomes. 

3. Germination of the microspore, which begins within the micro- 
sporangium (pollen sac), to form the male gametophyte, which at the 
time of shedding of the pollen grain consists of two sperm nuclei and a 
tube nucleus, together with some cytoplasm. 

4. Differentiation within the megasporangium (nucellus) of a single 
megaspore mother cell. 

5. Division of the megaspore mother cell to form a row of four 
megaspores, the first division being a reduction division so that the 
nucleus of each megaspore has n chromosomes. Only one of these 
megaspores develops, and at the expense of the other three. 

6. Germination of the megaspore, which by three successive 
divisions gives rise to eight free nuclei: one egg nucleus, two polar 
nuclei, two synergids, and three antipodals. The antipodal nuclei 
undergo further divisions giving rise to six to ten or more nuclei. The 
mature female gametophyte then consists of eleven to fifteen nuclei. 
ICach of the synergid nuclei, the egg nucleus, and each of the antipodal 
nuck'i is surrounded by cytoplasm, and separated from the others and 
from the rest of the megaspore by a thin membrane, so that we may 
speak of the synergid cells, the egg cell, and the antipodal cells. 
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7. Escape of the pollen grains (microspores with contained male 
gametophytes) and their dissemination by the wind. Adherence of 
pollen grains to stigma of pistil. 

8. Further development of the male gametoph 3 rte and growth of the 
pollen tube, through the stigmatic and stylar tissue to the micropyle 
of the ovule, its penetration of the nucellus and embryo sac, and dis- 
charge of the tube nucleus and two sperm nuclei into the embryo sac. 



Fig. 466. — Diagrams showing stages in the life cycle of wheat. 1, mature sporo 
phyte; 2, single flower; (outer circle) 3, 4, 5 and 6a and Oh, stages in the devolop^ 
ment of the megaspore; (inner circhO, 3tt, 36, 3c, 4, 5, and 66, stages in the deveU 
opment of the microspore; (outer circle), 7, 8, 9a and 96, stag(;s in the develop- 
ment of the female gametophyte; (inner circle), 7, 8 and 9, development of the 
male gametophyte and germination of pollen grain; 10, proc(\sa of double fer- 
tilization; 11, zygote: 12, developing zygote and endosperm within the embryo 
sac; 13, 14, 15, 16, early stages m the development of thci embryo sporophyte; 
17, mature grain in longitudinal section showing mature embryo and endo- 
sperm (dotted); 18, germinating embryo. 

9. Union of one sperm nucleus with the egg nucleus. The resulting 
zygote is the beginning of the sporophytic generation. Union of the 
other sperm nucleus with two polar nuclei. The resulting triple-fusion 
nucleus by its division initiates the formation of the endosperm. 

10. Development of the embryo sporophyte by repeated division 
of the zygote. In this development a pro-embryo is formed, consisting 
of a suspensor and a terminal or embryo cell. From the latter the 
embryo proper develops. 
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11. Development of the endosperm by the free nuclear division of 
the triple-fusion nucleus, followed by wall formation and subsequent 
growth. 

12. Development of the ovule into a seed, involving growth of the 
embryo and the endosperm, almost complete disappearance of part of 
the nucelluR, and changes in the inner integuments to form the seed 
coat. 

13. Germination of the seed. 

14. Growth into a mature sporophyte plant. 

Important Points of Contrast between G 3 rmnosperms and Angio- 
sperms. 

1. The s('eds of gymnosperms are borne upon the surface of the 
megasporophyll; the seeds of angiosperms are always formed within 
a closed structure, the ovary, formed by the union of the margins of 
one or more megasporophylls. 

2. Gymnosperms are all woody, perennial forms, and with few 
exceptions are evergreen. Angiosperms include both herbaceous and 
woody plants, and annual, biennial, and pcirennial forms. 

3. In almost all angiosperms, the xylem has vessels; in all gymno- 
sp(irms, except the GnctaleSj vessels are lacking. 

4. In gymnosperms, the pollen comes into direct contact with the 
megasporangium (nuccllus), whereas in angiosperms the pollen comes 
in contact with the tip of a structure, the pistil (consisting of one or more 
megasporophylls or carpels), which is directly connected with the 
mc'gasporangi um . 

5. In contrast to gymnosperms, angiosperms usually have sepals 
and petals associated with the megasporophylls and microsporoph}- 11s, 
the whoki forming a characteristic structure called the flower. 

6. In gymnos})erms, the first divisions of the zygote result in a 
numb(*r of free nuclei; in angiosperms such free nuclear division does 
not occur. 

7. The male gametophyte of angiosperms is somewhat more reduced 
than that of gymnosperms. 

8. The females gameto]fiiyte of gymnosperms is an extensive tissue 
consisting of many thousands of cells separated by walls and giving rise 
to archegonia. The female gametonhyte of angiosi^erms is usually an 
eight-nucleate structure (embryo sac), generally without separating 
cell walls, which never de^velojis archegonia. 

9. The mor(' primitive gymnosperms produce, motile male gametes; 
such gametes arc not formed in any angiosperms. 

10. In th(‘ gymnosperm embryo there are generally three to eight 
cotyledons; in angiosperms cither one (monocotyledons) or twro (dicoty- 
Icdons). 
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11. In the angiosperms, the endosperm is a tissue arising from a 
triple-fusion cell. In gymnosperms there is no counterpart to this 
tissue, the endosperm of gymnosperms being female gametophyto, and 
therefore haploid. 

Evolution among the Angiosperms. — There are approximately 
150,000 species of flowering plants (Angiosperms) in about 8000 genera 
and 300 families. Flowering plants are the predominant vascular plants 
in the world toda 5 ^ In the group as a whole there is much variation in the 
degree of specialization, as concerns both vegetative and reproductive 
structures, but this is particularly noticeable in the case of the flowers. 

We have seen that the angiosperm flower probably had as its mor- 
phological forerunner the strobilus of the pteridophytes. In fact the 
angiosperm flower has been quite appropriately defined as a shoot 
beset with sporophylls.^’ It is quite generally hx^lieved that the primi- 
tive floral type is that one which most nearly approaches the strobilus in 
its structure. In such a type of flower we should expect (1 ) an elongated 
floral axis, (2) all, or at least some, of the flower parts spirally arranged, 
and (3) stamens (microsporophylls) and carpels (megasporophylls) 
numerous and separate (not coalescent or adnate). This combination 
of characteristics occurs in the buttercups {Ranunculus), representatives 
of the Crowfoot Family (Kanunadaceae). For these and other reasons 
these plants are regarded as being primitive angiosperms, from which 
the other groups of flowering plants probably have evolved. 

PRINCIPAL TENDENCIES IN THE EVOLUTION OF THE FLOWER 

The principal tendencies in the evolution of the flower from the 
primitive type as represented by the buttercup flower are : 

1. From a spiral arrangement of flower parts to a whorled arrange- 
ment of flower parts. Plants with the spiral arrangement are considered 
to be more primitive than those with the whorh^d arrangement, and 
there is little doubt that th(^ plants bearing whorled flowers have evolved 
from ancestors with flower parts spirally arranged. Thus (among 
plants belonging to the Ranunculaceae or closely relatc^d families) the 
white water-lily {Nymphaea alba) has its petals and stamens spirally 
arranged; in the magnolia the carpels are spirally attached, and the 
buttercup has both stamens and carpels spirally disposed. In most 
angiosperms, however, the flower parts are arranged in whorls or circles, 
not spirally. 

2. From a condition in which the flower is hypogynous to a condi- 
tion in which it is perigynous or epigynous. Hypogyny occurs in the 
buttercups, pinks {Caryophyllaceae)j mustards (Cruciferae), and many 
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other relatively primitive forms; perigyny is well illustrated by the 
plum and cherry, and epigyny by the orchids {Orchidaceae), the honey- 
suckles {Caprifoliaceae), and the asters (Compositae). 

3. From a condition in which the carpels are separate (each of the 
several pistils consisting of a single carpel) to a condition (syncarpy) in 
which the carpels are united. The compound pistil is regarded as the 
more advanced type. The buttercups, water-lilies, and magnolias are 
g(^od examples of flowers in which the carpels are separate, whereas 
most flowering plants have, like the lilies, primroses, gentians {Gen- 
tianaceae), and mints {Lahiatae)^ syncarpous flowers. 

4. From a condition in which the petals are lacking or, if present, 
separate, to one in which the petals are united (sympetaly). The wil- 
lows {Salix)y buckwh(‘at, and beet arc a few of the many plants in the 
families the flowers of which have petals lacking; the rose, apple, and 
mustard belong to families whose flowers have separate petals, and the 
mints, morning glories, and potato are examples of plants with sym- 
IX3talous flowers. 

5. From a condition of radial symmetry of the flower, as in the lily, 
rose, and morning glory, to bilateral symmetry, as in the snapdragons 

(Scrophulan(iccac)y orchids, and mints. It appears that plants with 
bilat( 3 rally symmetrical flowers wore evolved from plants with radially 
symmetrical flowers. 

6. From a condition in which there are five whorls of flower parts to 
a condition in which there are four whorls of flower parts, or to still 
further reduction of floral whorls. For example, in the primroses 
{Primulaccae), there are five sepals, five petals, two whorls of stamens 
of five each, and five carpels (united), thus making five whorls or cycles. 
The flowers of the gentians {Gejitianaceac) ^ morning glories {Convolvu- 
laceac)y and phloxes {Polcmoniaceae), on th(' other hand, are tetracyclic, 
having only four whorls, the arrangement being in general five sepals, 
five petals, five stamens, and two carpels (united into a single pistil). 

As already stat('d, the buttercup flower may be regarded as the 
primitive type of angiosperm flower. In it there is a combination of 
the following primitive characteristics : spiral arrangement of stamens 
and carpels, indefinite number of stamens and carpels, radial symmetry, 
no elevation of the corolla or other whorls relative to the carpels. 

From this primitive type of flower there seem to have been at least 
three main lines of advance. These three Unes culminated in forms 
n^presented respectively by the orchids {Orchid<iceo^e\ the mints {Lohi- 
atae), and the asters {Compositae), In these three families there is 
a combination of advanced characteristics, namely: whorled a^ange- 
ment of flower parts, a definite number of stamens and carpels, bilateral 
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S3mimetry, both coalescence and adnation of flower parts, and an eleva- 
tion of the corolla (the ovary being inferior). 

Intermediate between the buttercup type of flower and the flower 
type of each of these three families are the flowers of other families of 
angiosperms showing various degrees of advancement above the primi- 
tive buttercup type. 

Fig. 467 ^ shows diagrammatically the three principal lines of 
evolution of flower type as illustrated by a few important angiosperm 
families. One of these line's of descent passes through the lilies (L^7^- 
aceae) and the irises (Iridaceae) to the orchids (Orchidaceae) ; a second 
through the roses {Rosaceae)^ saxifrages (Saxifragaceae) , and honey- 
suckles {Caprifoliaceae) to the asters; and the third through the gera- 
niums (Geraniaceae) and phloxes (Polemoniaceae) to the mints (Labiatae). 

For an understanding of this diagram it is essential to know the 
number and arrangement of the parts of the flowers of each of the fami- 
lies mentioned. This information is supplied by the flower “ formula ” 
given b(‘low the common name in each ease. In these formulae Ca 
stands for sepals, Co for petals, S for stamens, and P for carpels. Fig- 
ures (exponents) placed after the symbols for any flower part indicate 
how many such parts are found in the flower, oo standing for numer- 
ous.^^ Parentheses enclosing an exponent means that the parts in ques- 
tion are mon' or less coalesced (united). When all the symbols are 
written in a single line, as in buttercups, lilies, and geraniums, it indi- 
cates that none of the parts are raised above others. When certain of 
the symbols are written above certain others it indicates that the upper 
ones are raised above the others in the flower. When the exponents 
are written thus, or C^a^^‘’“\ instead of merely Co-'" or Ca^'", the 

flower is bilaterally symmetric (not radially symmetric). 

l^he floral formula for the buttercups indi(\ates that there are 5 to 
15 calyx segments (C^a), 0 to 15 corolla segments (Co), numerous (oo ) 
stamens (S), and numerous (oo) carpels (P) ; moreover, there is no 
union of flower parts as is indicat(*d by the absence of parentheses around 
the exponents 5 - 15 or 0-15, and there is no elevation of parts, as is shown 
by the writing of the four symbols in a line. It is seen from the chart 
that the typical rose type of flower (family Rosaceae) has essentially 
the same structure as that of the buttercaip, except that in roses the 
corolla segments and stamens arci elevated, that is, are insert(*d on the 
margin of a disc which is an outgrowth of the receptacle. This eleva. 

^ The chart method of showing relationships was originated by F. E. Clements, 

on the basis of the Besseyan system. Reference is made hero to Clements and Clements, 
Rocky Mourdain Flowers. This chart method is also used in Flower Families and Ancestors, 
and m Flowers of Coast and Sierra by the same authors. 
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Fi(i. 407. — Chart showinp; tho principal lines of descent and tendencies in the evolu- 
tion ot insect-polhnated arigiosperm flowers. In the flower formulae, Ca stands 
for sejials, Co for petals, S lor stamens and P for carpels. The exponents give 
the number of the flow'er parts in the dilTerent wdiorls. Parentheses enclosing 
exponents indicate that the flower parts of the whorl in question are more' or less 
united with each other (coalescent). When there are two ex])onents for a single 
whorl with a ])lus sign between them the flower jiarts are in two groups, as 
in the Ijabiatac^ w'here corolla is two-lipped, one lip consisting of tw^o petals, 
the other of three. When the symbols for certain flower parts ari^ separated 
from others by a horizontal line those above the Jine are raised in the flower 
above those below the line. 

The ])osition of any family in the chart, and its flower formula do not in 
all cases hold for all tlic genera and species of the family but are characteristic 
of the family as a whole. 
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tion of the petals and stamens is shown in the floral formula by writing 
their symbols (Co^S*) above a line, below which is Ca®P^““. 

The rose-saxifrage line of advance culminates in the asters (family 
Compositae), the flowers of which were described on page 247. The 
second dicotyledonous branch from the buttercups includes, among 
others, the geraniums (family Geraniaceae) and phloxes (family Polemo^ 
niaceae) and culminates in the mints (family Lahiatae). The principal 
tendencies in the evolution of the flower arc also shown in this branch, 
except that there has been an elevation of the stamens only, the corolla 
not being raised (i.e., the flowers are hypogynous). In the formula for 
the Lahiatae^ indicates that the calyx is 2-lippcd with 3 lobes 

in one lip and 2 lobes in the other, and the parentheses about the expo- 
nents indicate the union of calyx segments; likewise indicates a 

5-toothcd sympetalous 2-lippcd corolla. In the monocotyledonous 
branch, from the buttercups, through lilies (family Liliaceae), irises 
{Iridaceae), to orchids {Orchidaceae) y there has been a reduction in the 
number of parts in each floral whorl to 3, which is characteristic of 
most monocotyledonous flow’crs. 

Orchid flowers are noted for their pronounced bilaterial symmetry, 
which character contributes to their peculiar beauty and grotesqueness. 
The perianth is composed of two whorls of three members each. The 
three segments of the outer whorl (sepals) are usually similar in shape and 
texture, but one member of the inner whorl (petals) is highly modified 
to form a prominent lip and spur, or a peculiar sac or pou(‘h. In the 
ancestors of present-day orchids the stamens were six in number, but 
in most extant orchids there is but one functional stamen, llie ovary 
consists of three united carpels and is inferior, all the other parts being 
raised above it. 

The chart shows that, in each of the three lines of development 
there are four tendencies in the evolution of the flower: namely, (1) from 
pistils separate to pistils united ; (2) from corolla not raised to corolla 
raised ; (3) from corolla separate to corolla united ; and (4) from corolla 
regular to corolla irregular. Although this chart shows but a few 
angiosperm families, it may be used to ascertain roughly the position 
and relationship of the families. For example, examination of the 
flower of a typical representative of the potato family (Solanaceae) 
shows it to have 5 united sepals, 5 united petals, 5 stamens inserted on 
the corolla, and 2 carpels united into a single pistil. Its floral formula 

is therefore, - ~ • Examination of the chart indicates that 

this family is quite closely allied with the phloxes {Polemoniaceae) . 

In Fig. 468 a more complete chart is given, showing many more 



PRINCIPAL TENDENCIES IN THE EVOLUTION OF THE FLOWER 579 


Gramineae Orchidacea^'y 
(Grasses) (Orchids) \ 

(4) 


P"'! \ Ca‘~Co“‘> Ca^Co*^^ 


Compositae Juglandaceae /' Chenopodiaccae 

(Asters) (Walnuts) /tabiatae^. (Goosefoots) 
Si_ (Mints) 

7v 3(5^ I p(Z) ' c* ' I 


Corolla \ 

'i' 

i 


Cyperaccae 

(Sedges) 

Ca®Co‘'S'-=‘ P^^' 


/c#*»ai“*®p'« 


I „ / Ace'raceae''^ 

j Capnfoliac... / 

1 (Honeysuckles) 

1 


\ 


Ca'W 


V r' 


I 

I 

'■k 


Iridaceae 

(Irises) 

Ca^Co'* 


Umbelliferae 
(Parsleys) | 

Ca®*®Co=S^ I 


r>(2) 


I 


Juncaceae 

(Rushes) 

cM 


ScrophulariaccM 

Snapdrafona 

S* 


Polygonaceae 

c'SSS^t. 

S' (3) 

1'— CbroUtt separate 


Saxifragaceae | 

(Saxifrages) j 
Co'S I Anacardiaceae 
Ca^pd) / (Sumacs) 

/Ca‘V*Co*'®S'P‘*> 


-V>'* 



Caryoph} Ilaccae 
(Pinks) 



Fia. 468. — Chart showing the principal lines of descent and tendencies in the evolu- 
tion of flowers in the angiosperms and the relationships of twenty-five important 
famili(‘s. liiach of the three principal lines of descent represented in P'ig. 467 
are here shown to consist of two more or less parallel lines, one made up of 
insect-pollinated, the other of wiiid-pollinated plants. Thus, of the two series 
having their origin in the Liliaceae the one culminating in the Graminae con- 
sists of wind-pollinated plants, that ending in the Orcljidaceae of insect-pollinated 
plants. Similarly the two series leading up to the Compositae and the Labiatae 
are made up of plants mostly pollinated by insects and the Juglandaceae and 
the Chenopodiaccae lines are wind-pollinated. This and the simpler chart 
(F'ig. 467) are adapted from charts by Clements and Clements in Rocky Mountain 
Flowers and other publications. 
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families and also, in each of the three lines of descent, two main branches, 
one made up of insect-pollinated families with conspicuous flowers and 
one of families with wind-pollinated flowers. The wind-pollinated 
series ends, in the lily line, with the grass family (Gramineae) , in the 
rose line with the walnuts {J uglandaceae) ^ and in the geranium line 
with the goosefoots (Chenopodiacede). 

The chart may be used to ascertain the family to whi(!h a flowering 
plant belongs, or at least to determine quite closely what are the rela- 
tionships of the family to which it belongs to other families, and thus 
greatly to simplify determination of its genus and species. An impor- 
tant consequence of such use is to focus attention upon the various 
family types so that an increasing number of these come to be rec*ognized 
upon sight by means of tluar distinctive earmarks. In utilizing the 
chart for this purpose it is essential at the outset that the floral formula 
of the flower of the plant in hand be carefully worked out. “The 
steps of advance which affect the pistil must be the first to be con- 
sidered in ‘ placing ’ the flower in its proper place. ^ Of these steps 
affecting the pistil, the union of simple pistils into a compound one 
must be considered first and then, second, the elevation of the corolla 
on the ovary. The other two changes affect the corolla also, and of 
these the union of the petals into a bell or tube is of the most impor- 
tance and should be considered next. The change in shape of the 
corolla (cjorolla n'gular to corolla irregular) is of the least weight in 
determining flower rc‘lationships. This is bec ause irregularity of corolla, 
though characteristic of all of the highest groups, may occur o(‘casionally 
in almost any group, even the buttercups. For this reason, the steps 
of advance must b(‘ followed in the order in which they occur across any 
of the three lines of development and no one can be ^ skipped ^ in order 
to reach a farther one. Since the ovary is the keynote' to the family 
relationships, one must be very careful to determine with certainty 
whether it is simple or compound, and if the latter, exac^tly how many 
cells or locules it has. This must be done by a cross section of as mature 
an ovary as possible, and determined not from one specimen but from 
several. It is well to study the other parts from several specimens also, 
as variations from the normal may occur in any one and so spoil results.” 

Apart from its practical value as a guide to family types, perhaps the 
chief merit of the chart lies in the graphic survey it affords of the vast 
group of flowering plants, and in the consequent grasp of the major 
features of their evolution and relationship. As an epitome of the 
process of evolution, the arrangement of flowering plants in the chart 

* This sentence and the remainder of this paragraph are quoted from the instructions 
for the use of the chart for plant determination in Clements and Clements, Rocky Mountain 
Flowers, and the following was prepared for this book by F. E. Clements. 
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is hardly to be matched in any other class of organisms, plant or animal, 
a value that is enchanced by the frequent contacts which its use involves 
with flowers in gard(m and field. Probably no other aspect of botanical 
study is so readily transmuted into everyday terms and thus rendered 
available for the understanding and appreciation of life in general as 
well as in particular. This may be illustrated by the wide range of uses 
derived from the fruits and s(‘ods of flowering plants. Th(‘ advantage 
to the plant of having receptacle and calyx contribute to tlu^ fleshy 
pulp of tlie fruit, as in flowers with the corolla raised, is shown by the 
success man has achieved in utilizing the fruits of the rose and melon 
families. Furthermore, when man turned to plants for his chief supply 
of food in the form of starch, his choice was largely n'strictc'd to grasses 
and especially to corn, which is to be ranked as the most highly special- 
ized and hence the most advanced of all plants, l^^ven th(^ s('Condary 
flour-producing plants, such as buckwheat, sunflower, and oats, belong 
to the great terminal groups with single-seeded fruits characterized by 
maximum storages of food for the embryo. 

Distinctions between Monocotyledons and Dicotyledons. - In the^ 
use of the chart method, or any other method, for the determination of 
the; family to which a plant belongs, the stude^nt should b('ar in mind the 
important differences between the^ two classes of the angiosperms; they 
are brk'fl}": 

1. Th() l('av('S of monocotyledons are generally parallel-veincxl and 
almost always have entire margins w'hereas the k'aves of dicotyledons 
are generally net-veined and are very frequently toothed, lobed or com- 
pound. 

2. With few exceptions the number of flower parts of any one kind, 
i.e., carpels, stamens, petals, or sepals, is three or some multiple of three 
in the monocotyledons. In the dicotyledons it is generally four or five 
or some multiple of four or five. 

3. In the stems of monocotyledons the conducting tissue is in numer- 
ous vascular bundle's scattereil through th(' stem but not arranged in a 
single ring. Dicot yh'donous stems have the conducting or vascular 
tissue either in a hollow cylinder surrounding the pith and increasing in 
width as tlu' stem grows older or distributed in separate bundles arranged 
in a single circle. 

4. The embryos of the seeds of monocotyledons have only one coty- 

ledon or seed leaf whereas in the dicotyledonous embryos there are gen- 
erally tw'o cotyledons. , 

In the first chart (Fig. 467) monocotyledonous families are shown on 
the line of descent which is farthest to the left. In th(^ chart in Fig. 468 
they are on th(> “ wind-pollinated ” line culminating in the Grammcae 
and the “ insect-iiollinated ” line heading up to the Orchidaceae. 
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EVOLUTION AND HEREDITY 

Evolution. — The evolution of plants and animals is a subject of very 
great popular and scientific interest. In discussions of the subject, how- 
ever, there has frequently been confusion of two quite different things: 
the fact of evolution and the means by which it is brought about. It has 
long been held by those concerned with the scientific study of plants 
and animals that all the thousands of species of plants and animals which 
exist today, or have existed in the past, have originated from previously 
existing species, and that they all therefore have arisen by the process 
we call evolution from one or a few original kinds. Although it is one 
of the principles of scientific thinking that such a theory as thai, of 
evolution is to be accepted as true only in the sense that it is highly 
probable, it can safely be said that no biological theory is better sub- 
stantiated by the evidence than that of organic evolution. To accept 
evolution as a fact does not necessarily involve the endorsement of 
Darwin’s theory of how evolution has been and is being brought about., 
or of any other particular theory as to the method of evolution. At the 
same time, this problem of how now species evolve must be recognized 
as one of the most import.ant of all problems having to do with living 
things. 

Accepting the fact of evolution, we shall attempt in this chapter 
to summarize, so far as is possible in a few pages, the principal tbeoric'S 
as to the method of evolution and some of the most, important facts 
bearing upon these theories. 

Heredity and Variation. — It is inconceivable that the many species 
of plants and animals which exist about us could have evolved were it not 
for two remarkable tendencies which are characteristic of all organisms. 
These two tendencies are heredity and variation. Heredity may l)c 
defined as the tendency of the progeny to be like the parents and then;- 
fore to resemble each other. Heredity is a conservative tendency, 
in the absence of which there could be no such things as species, for a 
species is a group of very similar individuals related by descent. Varia- 
tion, on the other hand, is the tendency of the progeny to differ from 
the parents and therefore from each other. It is clear (hat without 
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variation no new species could ever have arisen from preexisting 
species. 

That like begets like is one of the most obvious facts in human 
experience. Even primitive peoples recognize the fact that character- 
istics are passed on from parents to children, and that acorns always 
grow into oaks and never into pines or apple trees. In fact, this simi- 
larity between parents and progeny is so obvious, at least among organ- 
isms other than human beings, that it is commonly assumed to be 
much more complete than it really is and only the most conspicuous 
difT(U-ences are recognized at all. 

It is among the individuals of our own species that the non-conserva- 
tive tendency (variation) is most obvious, at least to those who are 
not students of heredity. Except in the case of some twins having 
unusually close resemblance, there is always sufficient variation among 
the children of a single family, aside from differences in age and sex, to 
make it easy to distinguish them from one another. Moreover, in the 
rare easels where two individuals of the same or different families show 
very close likeness, it is only necessary to employ fairly accurate 
methods of measurement to show that many differences exist between 
them. Thus it is literally true that no two individuals of our species 
are exactly alike. The variations which (ixist among other species 
than our own are less apparent , but close examination of the individuals 
of any species, whether of plants or animals, reveals differences between 
them. 

There immediately suggests itself, in connection with heredity and 
variation, the question of the actual cause of these tendencies. Why 
do the progeny tend to be like the parents and why are they often 
quite unlike and always slightly different from the parents? The cause 
can be stated more briefly and simply for heredity than for variation. 
The progeny gcmerally closely resemble the parents because their living 
substance is derived from the parents. If the new individuals have 
arisen by vegetative methods, as in stem cuttings and bulb formation, 
it- is clear that all the protoplasm of the new plant came originally from 
the single parent. In sexual reproduction the new individual develops 
from a fusion cell or zygote in which are combined a protoplast from 
one paremt with a protoplast, or at least a nucleus, from the other 
parent. In either case there is continuity of living material from par- 
ent- to progeny, and the tendency to likeness must be due to this con- 
tinuity. The fact that in many seed plants^ only the nucleus, and 
apparently none of the cytoplasm, of the male gamete, fuses with the 
egg cell, indicates that at least in these cases it is the nuclei which make 
possible the reappearance of parental characters among the offspring. 
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Chromosome Theory of Inheritance. — Within recent years a great 
deal of study has been devoted to the subject of the relation of the 
nucleus to inheritance. Out of this study has grown the chromosoiru^ 
theory of inheritance, according to which the chromatin of the resting 
nuclei and of the chromosomes of dividing nuclei bear the inherited 
characters. It will be recalled that the number of chromosomes is 
constant for each species, except for the fact that the number is doubled 
at fertilization and halved again at the reduction division. There is 



Fig. 469. — Leaf variations in Artemisia vulgaris. The loaves in each vertical row are 
from a sinple plant and thus show variation in one individual. Thus \n is from 
near the base of a given plant, M from about half way up the stem of that plant 
and Ic from near th(! tip of the same plant. Thii l(‘av(‘s in each horizontal row 
arc from corresponding parts of three different plants and thus show variations 
between different individuals. (Redrawn from Clements and Hall’s The Phylo- 
genetic Method xn Taxonomy.) 


very good reason to Ixdieve that the identity of th(\se chromosomes is 
not lost in the period betwetm nuclear divisions. In fact, then' is little 
doubt that each chromosome which a daughter nuck'us receives in a lat(‘ 
stage of one mitosis is reassembled in an early stage of th(' next division. 
It has bcxrn shown very conclusively in a few organisms, and it is prob- 
ably true in all, that each of the chromosomes of a haploid nucleus is 
the bearer of a different group of inherited elements. It is also very 
probable that each chromosome is actually made up of a linear S(‘ries 
of elements, genes, each of wliich is concerned in the development of 
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one or several characters. It follows, then, that the chromosomes of a 
haploid nucleus all differ in the character-conditioning units which 
they carry. 

In the diploid nucleus, on the other hand, there are two chromosomes 
which condition the same group of characters. One of these we shall 
call the maternal and the other the paternal chromosome, since they 
were contributed respectively by the female and the male gamete when 
the zygote was formed at fertilization. Since these two chromosomes 
correspond in the characters which they condition and in the order in 
which the genes or hereditary units are arranged, they are called 
homologous chromosomes (Fig. 475). Each of the pairs of chromosomes 



Fig 470 — \ scri(\s of piiiiiao of various bud mutants of tho Boston fern {N ephrolejns 
' exalUila bosUmicnsis), itself a bud mutant. The pinnae shown arc: 1, fw. 
bostorncmifi, the original mutant form, and 2, Piersoni; 3, \\ hit mam; % yom} 
(or granlHma); 5, magnifira; 6, Craigi; 7, Amerpolili (Irom Genetics in Relation 
to AgricultuTe by Babcock and Clausen, McGraw-Hill Book Co.) 

which appear at mciosis consists of two homologous chromosomes 
which ar(> seimratcd from each other at the anaphase. Accordingly, 
each of the daughter nuclei, resulting from the reduction division, 
coniaim one from each pair of homologous chromosomes but does not 
contain any pair of homologous chromosomes. It contains one chromo- 
some for each group of characters, but only one instead of two as do 
ihe diploid nuclei. It follows, therefore, that the nuclei of the mega- 
spores and microspores of the seed-bearing plants, and the nuclei of 
the embryo sac and pollen tube including the egg cell and sperm, liko 
wis (5 contain only a single chromosome for each group of characters. 
Although there arc a few cases in which characters are apparently con- 
ditioned by the cytoplasm it is probable that with rare exceptions inher- 
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itance is due to the continuity of chromatin from one generation to 
another. 

Kinds of Variations. — The differences (variations) which exist 
between the individuals of a species or race may be conveniently 
grouped into three kinds: 

(1) Modifications {dei^elopmental variaiions). 

(2) Combinations {Meiidelian variaiions), 

(3) Mutations. 

Modifications . — Modifications are variations which are not, inherited 
and which are due to differences in the external conditions (environ- 
mental factors) to which different individuals are expos('d. It. is a 
matter of common observation that plants of the same species, evcm if 
grown from seeds of the same fruit, may be quite unlike wh(ui grown in 
very different habitats. Thus when plants of moist valleys are grown 
from seed or by transplantation in alpine regions, their int(*rnodes are 
generally shorter, their leaves are smaller and thicker, and their flowcTs 
are larger than w^hen they grow in their natural habitat. If the seeds of 
these plants are planted in the natural habitat again, it will be found 
that the modifications which the species displayed whem grown in an 
alpine habitat have not been inherited. Much less conspicuous environ- 
mental differences than those which are characteristic of the habitats 
just mentioned may call forth considerable modifications. 1'his is evi- 
dent from the great differences which are frequently noticeable between 
plants of the same variety in different parts of a grain field, and which 
arp due to differences in such environmental factors as soil moisture, 
soil fertility, and illumination. It is probable that these differences in 
environment do not bring about any change in the chromatin of th(^ 
plants and therefore are not inherited. 

Combinations . — It is known that there are often heritable differences 
of varying degree between the individuals of a species or variety. These 
may combine in various ways in the progeny of two sucli individuals, 
thus giving rise to variations which are spoken of as combinations. 
Thus when plants of two different species or varieties are crossed 
(hybridized), as when one variety or species is pollinated with pollen 
from anoth(T, there may be among the progeny some individuals which 
resemble one parent, some which resemble the other parent, and still 
others which on account of a combination of characters are, in some 
respects, unlike either of the parents. 

Mviations . — Mutations are sudden and sometimes relatively large 
differences which occasionally make their appearance in a few individuals 
out of many hundreds or thousands. It is only when such changes 
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appear among individuals which are not of hybrid origin that their 
occurrence may bo attributed with certainty to mutation. The char- 
acters arising by mutation are heritable except in the case of c(irtain 
bud mutations which are to be discussed later. This type of varia- 
tion (mutation) is apparently not due to the combination of different 
parental characters but to changes in the nuclear material. These 
changes are of two general categories: (1) an alteration in a single 
hereditary element, gene, in a particular chromosome; (2) irregularities 
in the distribution of the chromosomes in cell division so that whole 
chromosomes or pieces of chromosomes are lost from or added to the 
normal chromosome complement. Mutations occur not only from 
plants raised from seeds — the so-called seed sports — but may also arise 
from one or a few of the buds of a normal plant. Such cases are spoken 
of as bud mutants or bud sports. Some of the most valuable varieties 
(jf ornamental and other economic plants have originated as bud muta- 
tions. In the case of many, but not necessarily all, bud sports, the seeds 
produced by the flowers of a sport branch, even though pollinated by 
pollen from the same branch, do not give plants having the characteris- 
tics of the sport or bud mutant. That is to say, most bud sports do 
not “ breed tnie,^^ and must be propagated vegetatively by means of 
cuttings or by some method of grafting. 

There are not many familiar varieties of economic plants which can 
be stated definitely to have had their origin in seed sports (mutations). 
This is in part due to the fact that most of the widely known vari cities of 
economic plants originated long ago, and accordingly little is known as 
to their origin. Today, however, plant breeders are constantly on the 
lookout for such mutations and recognize them as possibly furnishing the 
material for the production of desirable new varieties. The sweet pea 
{Lathy rus odoraius) is a domesticated plant as to whose history, since 
the beginning of its culture, we are well informed. A number of new 
and desirable character differences are known to have originated in seed 
sports or mutations of sweet peas. In the two centuries and over since 
the sweet pea was first used as a horticultural plant, at least a dozen dis- 
tinct color mutations have thus arisen, as well as several mutations 
which involved changes in the size and form of the flowers and in 
the number of flowers borne upon a flower stalk. By no means all 
of the many hundred varieties of this plant have, however, arisen 
as seed mutations. The greater number have arisen by hybridizing 
or crossing of different varieties which originally arose by mutation. 

Among the many varieties of economic plants which have arisen 
as bud mutants are the copper beech, the numerous variegated kinds 
of Coleus, various forms of the Boston fern {Nephrolepis exaltaia bos^ 
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i(mimsis)y itself a bud mutant of the tropical Nephrolepis exaltata^ and 
a few varieties of oranges, apples, and other fruits (Figs. 470 and 471). 

Theories as to the Origin of Species. — Having discussed the phe- 
nomena of heredity and variation which are fundamental to any expla- 
nation of the method of evolution, we shall give a brief account of some 
of the principal theories of evolution. 

Long before Darwin’s remarkable studies of the origin of species, 
which aroused such wide popular and scientific interest in evolution, 
a number of theories had been advanced as to the method of evolution. 

Direct Response to Environment, — According to the theory of Geof- 
froy St. Hilaire, the French naturalist (1772-1844), new species have 
arisen in direct response to changes in the environment. That is to say, 
as climatic and other conditions on the surface of the earth have slowly 
altered, these changes have directly modified the individuals of certain 
species and have thus called forth variations. A succession of such 
variations in a species, if inherited, might result in the production of a 
new species. St. Hilaire believed some of these changes to have been 
favorable, or at least, not unfavorable, and that the individuals which 
underwent these changes survived and produced prog(my like them- 
selves. Others were unfavorable and resulted in the destruction of the 
individuals. 

Use and. Disuse. — Jean de liamarck, another French naturalist, pro- 
posed an explanation of evolution wLich is commonly spoken of as the 
theory of use and disuse.” It is a familiar fact that, in the case of 
individuals, the continued use of a part of the body, as, for instance, the 
muscles of the arm of a blacksmith, results in a development of that 
organ which makes it better able to do the work habitually n^piired of it. 
It is also true that persistent disuse of an organ is apt to result in its 
partial degeneration or even suppression. Now, Lamarck believed 
that changes in the environment might bring certain organs into disuse 
and increase the extent to which other organs were used, and thus bring 
about degeneration of certain organs and build up or modify others. 
Moreover, and this was the most important feature of his theory, he 
regarded the characters thus acquired during the life of an individual 
as heritable. Thus the environment might, by reduction or suppres- 
sion of certain organs and development of others, cause new spc'cies 
to arise. Among numerous illustrations of his theory, he used the 
neck of the giraffe. He assumed that the ancestors of the giraffe 
were grazing animals with short necks, and that some change in the 
environment made it necessary or advantageous for them to feed upon 
the leaves of trees. This, he believed, called forth a slight elongation of 
the neck which was transmitted by the individuals to their progeny. 
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By inheritance and continued use (reaching upward for leaves), the 
elongation became greater from generation to generation until the 
remarkably elongated neck of the giraffe had been evolved. Lamarck^s 
theory was founded on three assumptions: (1) that the environment 
changes, (2) that use and disuse may alter the character of an individual, 
and (3) that such alterations can be inherited. The first two assump- 
tions are recognized as correct, but there is no convincing evidence to 
indicate that acquired characters (modifications) can be inherited. 

Orthogenesis , — Another theory, which has been advanced by differ- 
ent men and in different forms, is that there is inherent in certain 



Fig. 471. — Points of the Washington navel orange 1, and of four strains that 

oridnatocl from it by bud variation; 2, Thomson navel; 3, yellow navel; 4, 
corruRated; 5, ribbed. (From Gcndm^ m RHatum to Agriculture by Babcock 
and Clausen, McGraw-Hill Book Co ) 


s]:)('c*ies and perhaps in all species a tendency to vary in a certain definite 
(lii-(‘cti(>n. If variat ion in this direction does not result in the individuals 
l)(>c!oiniiiK l«>s.s favombly :ulapt»Hl lo Ihcir environmeni, mnv spocios will 
:irisi‘ and those' in turn will givo rise to others. Otherwise, tlu^ variations 
will not persist,. The jiriucipal objections to this theory are as follows: 
(1) It h:us never been shown that such a ijersistent tendency to vary in a 
certain direction does exist. (2) No explanation has ever been given 
as to the driving force or principle which is responsible for the assumed 
tendency. 
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Darwin's Theory of Natural Selection . — The best known of the 
theories of evolution is Charles Darwin^s theory of natural selection. 
The principal features of this theory are as follows: 

1. Plants and animals in nature produce many more progeny than 
can possibly survive. Long before Darwin’s time it was computed by 
Linnaeus that if an annual plant produced two seeds each year, and 
each of these grew into a plant which in turn produced two seeds — 
and so on, there would be after twenty years more than a million plants. 
The common shepherd’s purse {Capsella) may produce upon a single 
plant as many as 64,000 seeds, and a tobacco plant may have more than 

360,000 seeds annually. There are 
plant species of which an individual 
may develop, in a single year, 74 
or 75 million seeds, and one tropical 
fern which may produce 200 billion 
spores annually per individual. 
Actually, a very small proportion of 
these seeds or spores ever germinate, 
and only a few of the seedlings grow 
to maturity. 

2. On account of this produc- 
tion of individuals far beyond the 
earth’s facilities to support them, 
there is a struggle for existence. 

That is to say, there is an intense 
competition in nature for water, 
light, food, and raw materials. This 
competition is going on (a) between 
different individuals of the same spe- 
cies, (6) between the individuals of 
one plant species and those of other 
species of plants, and (c) between 
certain plant species and certain animal species. Darwin found that, 
of 357 seedlings which came up in a cleared piece of land, 3 by 2 feet 
square, 295 were destroyed, principally by insects. 

3. Individual organisms or different species differ in their fitness for 
a given environment. Clearly, the water-lily is not fitted to live in a 
desert or the cactus to grow in a pond. Also, among plants living in 
a given habitat, some are better fitted for that environment than 
others. 

4. Through the struggle for existence, there is a natural selection 
which results in the survival of the fittest, or to put it conversely, in the 



Fig. 472. — de Lamarck (1744-1829), an 
early evolutionary biologist best 
known for his theory of the inheri- 
taiire of acquired characteristics 
(I'Vom Shiimway after Pirsson and 
Schuchert.) 
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destruction of the unfit. Thus nature may be said to determine which 
individuals will survive and give rise to successive generations. 

6. The individuals of a species are not all alike and even among 
the progeny of the same parents there are always at least slight vari- 
ations (a fact already discussed earlier in this chapter). Darwin 
assumed these variations to be heritable. He also believed that by the 



(l(\siniction of the individuals whose variations reduct'd their fitness, 
and by the selection for survival and ix'production of those with varia- 
tions which better fitted them for the environment, the original differ- 
laices might be increased so that a new species would result. 

Darwin collected and published a great mass of data in support of his 
theory of natural selection, and his publications led many to the accept- 
ance of his theory of the origin of species. Although, at the present 
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time, many biologists do not accept in its entirety his theory of the 
origin of species by natural selection,’’ it is certainly true that his work 
has done more to stimulate workers in the field of biology than that of 
any other man who has ever lived. 

It is now quite generally accepted that natural selection is a most 
important factor in evolution, but there are a number of serious objec- 
tions to Darwin’s particular theory of evolution by natural selection. 
We shall discuss briefly some of the most important of these objections. 

(1) The variations which, according to Darwin, provide the material for 
natural selection are of the type called continuous or fluctuating varia- 
tions. Illustrations of this kind of variation can be secured by measure- 
ments of any organ or structure in many individuals of a given species of 
plant or animal. Thus if the length of all the beans in a lot is measured, 
and if all those having approximately the same length be sorted out, the 
following relation will be found to exist: The number of the beans having 
the least length will be very few. Those having the greatest l(*ngth will 
also be very few. Between these extremes the numbers wall increase' as 
we approach the length halfway between the tw^o extremes, at or near 
which we will find the largest number of individuals. Now it is known 
that if the variations in question are heritable (and some fluctuating 
variations can be inherited), it is possible, for instance, by selection 
through some generations to increiise the av('rage length of the beans. 
Thus the length characteristic of the greatest number of beans in any 
generation would be displaced in the direction of the extreme length. 
There is no reason, however, for believing that the extn'ines would 
change. Instead, the greatest length and tlie shortest length would 
remain the same, and unless the extremes of variations can b(‘ sliown to 
be changed by selection nothing n('w has bei'n produc('d. In shorl, 
natural selection of fluctuating variations cnii not, push the rang(' of 
variation beyond certain boundaries which are charact.('ristic of a 
species. 

(2) Another important objection to Darwin’s theory is that the vari- 
ations upon which Darwin believed natural selection to act are scarcely 
of sufficient degree to be of life-and-death importance, as would be 
necessary if his theory were correct. 

(3) Furthermore, many of the characters which differentiaU' one 
species from another can scarcely be conceived of as having anything 
to do with the fitness for the environment. 

(4) It has also been pointed out that by far the greater number of 
the individuals which succumb in the struggle for existence do so in the 
very early stages of their development (seedlings and young animals) 
and thus before many of their characteristic differences have appeared. 
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The Mutation Theory of Evolution. — Hugo de Vries, the great Dutch 
student of mutation, has pointed out that the principal objections to 
Darwin theory are removed if we abandon the idea that species can be 
originated by natural selection of small fluctuating variations. He 
suggests that new forms originate by mutation rather than by natural 
selection. The principal features of de Vries^ theory of evolution are 
the following: (1) There arise from time to time, among the individuals 
of a species, forms which differ relatively widely in one or more characters 
from typical individuals. (2) The distinguishing characters of these 
mutant individuals are inherited, at least in many cases. (3) These 
mutations arise quite independently of fluctuating variations. (4) 
Mutations may take place in any direction. (5) The mutants (mutat- 
ing individuals), at least in many cases, differ sufficiently from typical 
plants to make them subject to natural selection. (6) Accordingly, in 
nature all unfit mutants are likely to be eliminated by natural selection. 

The mutation theory of the present day lays emphasis upon small 
rather than large' mutations on the ground that in nature radical changes 
from the types of old-established species will tend to be eliminated at 
once l)y natural selection; but that minute mutations which arc either 
neutral or advantageous in their effects may gradually accumulate, 
first causing new varietk's to appear, then new subspecies, and finally 
new species. At any point in the proc(jss natural selection may operate 


to preserve or eliminate the new forms. 

For many years all attempts to produce mutations artificially were 
unsuccessful but recently it has been found possible to cause mutations 
to arise by subjecting organisms or their reproductive cells to X-rays, 
or radium, or to higher temperatures than those to which they are ordi- 
narily exposed. These newly discovered methods by which mutations 
can be artificially produced furnish us with a means, previously lacking. 


for the experimental study of these variations. 

MendeUan Inheritance— A large part of the work which is being 
done today in the experimental study of evolution, as well as of the prac- 
tical work of the plant and animal breeder, is based upon the remarkable 
discoveries of the Austrian monk, Gregor Johann Mendel. His experi- 
ments had to do with the manner of inheritance of certain characters 
by the individuals resulting from the crossing (hybridizing) of two 
organisms differing in one or more characters. His most important wor 
was with the garden pea {Pisum sativum). His discoveries, the outcome 
of eight years of breeding experiments, were published in an obscure 
scientific periodical in 1866. Partly on that account and partly because 
the time was not yet ripe for a proper appreciation of its ^ 

work remained practically buried for thirty-five years. In 1900, six- 
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teen years after Menders death, his publication was discovered almost 
simultaneously by three botanists who had been led by their own 
studies to conclusions similar to his. 

A discussion of his work can best be introduced by an account of 
some of his experiments. 

His first experiments were made by crossing two varieties of garden 
peas, a dwarf variety (20-45 cm. high) and a tall variety (175-200 cm. 



Tall crossed witli dwarf 
gave Fi plants all of 
which were tail 


Dwarf 


First Hybrid 
Generation (Fj) 



Fig. 474. — DiaRram to illustrate inheritance in a monohybrid cross between tall 

and dwarf jicas. 


high). That is to say, he grew plants of these two varieties and used the 
pollen from each to pollinate the flowers of the other variety. Peas were 
favorable plants for his study because the pea is a species which is nat- 
urally self-pollinated. On that account, it was reasonably certain, since 
the seeds produced naturally by the tall variety and the dwarf variety 
always produce plants which are respectively tall and dwarf, that the 
varieties were pure as regards tallness and dwarfness. 
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Mendel kept a very careful record of the progeny of all his hybrids. 
He found that, whether he used pollen from a dwarf plant to pollinate 
the stigma of a tall plant, or vice versa, the seeds formed gave on ger^ 
mination only tall plants. In different form, these results may be 
stated thus: When the dwarf variety was crossed with the tall variety 
all of the individuals of the first (hybrid) generation, commonly spoken 
of as the Fi (first filial) generation, were tall (Fig. 474, second row from 
top of figure). 

In the Fo (second filial generation), secured by allowing Fi individ- 
uals to self-pollinate, about onc^-quarter of the individuals were dwarf 
and about threc-(i[uarters tall (third row. Fig. 474). Mendel secured 



// 

Fig. 475. ChromosoriK* individuality as shown in Crcpis cnpillaris (left) and 
C. setosa (rip;ht). The two chromosomes connecrted by dotted lines to a single 
Roman numeral are homologous. Each of the chromosomes has alre.ady 
begun to split since the stage of mitosis shown is the metaphase of somatic (2x) 
nuclei. The chromosomes are shown as seen from a point on the axis of the 
spindle. Note the similarity in size and form of the two chromosomes in 
each homologous pair. The use of the same numerals in the left-hand and 
the right-hand jiart of the figure is not meant to indicate corresponding chromo- 
somes. Compare text, page 569. (From Collins and Mann, in Grnehcs in 
Relahon io Agrindiure by Babcock and Clausen, McGraw-Hill Book Co.) 


787 tall to 277 dwarf plants. When the F 2 dwarf plants WTre self- 
pollinatod, all their progeny were dwarf plants. These dwarf F 2 and 
Fa plants were like the dwarf plants which were crossed with the tall 
plants at the beginning of the experiments and they never gave any tall 
plants as long as they were bred with dwarf plants. Two-thirds of the 
tall plants of the F 2 generation (that is, one-half of all the F 2 individuals), 
when self-pollinated, gave one-quarter dwarf and three-quarters tall 
plants. The remaining tall F 2 plants, when self-pollinated, gave nothing 
but tall plants, which, like the dwarf F 2 planis, gave nothing but tall 
plants when self-pollinated. In short, although the F 2 plants appeared 
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to be only of two kinds, dwarf plants and tall plants, there were actually 
tliree kinds of plants (bottom row, Fig. 474) : 

1. Dwarf plants (about one-quarter of all) which gave only dwarf 
plants when self-pollinated. 

2. Tall plants (about one-half of all the F 2 plants) which, when 
self-pollinated, gave one-quarter dwarf and three-quarters tall plants. 

3. Tall plants (about one-quarter of all of the F 2 plants and in 
appearance like the other tall plants) which gave only tall plants when 
self-pollinated. 

For these three kinds of plants it is convenient to use the following 
designations, the meaning of which will shortly be made clear; 

(1) Pure recessive, (2) hybrids, and (3) pure dominants. 

It is important to bear in mind that the pure recessives, when 
self-pollinated or cross-pollinated among themselves, will never give 
anything but pure recessives, in this case dwarf plants; that the hybrids, 
when self-pollinated or crossed among themselves, will give the three 
classes in the proportion 1:2:1; and that the pure dominants, when 
self-pollinated or crossed among themselves, will give only piin^ dom- 
inants. 

Mendel also secured 1:2:1 ratios in the F 2 gem'raiion wh(‘n he 
crossed a variety of pea having a smooth seed coat, and one having a 
wrinkled coat, and also when a varudy with green and y(‘llow cot,}dedons 
were crossed. 

Such characters as those of tallness and of dwarfness in Mendel's 
peas, when inherited, remain distinct and are thus transmitted as 
integral units. From the fact that the tall Fi plants gave some dwarfs 
when self-pollinated, it is clear that the character for dwarfness was 
transmitted through the tall Fi plants i\s a unit which was not affected 
by its association with the character for tallness. 

One of the most remarkable facts about Mendel's breeding experi- 
ments with t-all and dwarf peas is that although the Fi plants had 
received both the character for dwarf ness and the character for tallness, 
the plants were actually tall; that is to say, the character for tallness 
prevented the opposite character form coming to expression. On this 
account, the character for tallness is spoken of as a dominant character, 
and that for dwarfness as a recessive character. This prevention of 
the expression of a recessive character by a dominant character is by no 
means universal in Mendelian inheritance. For instance, when the 
red-flowered variety of the common garden four o'clock is crossed with 
the white-flowered variety, the Fi plants are pink, neither color being 
completely dominant. 
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Fig. 470.— Diagrams showing rhromosomo behavior during the reduction division 
which occurs at the time of spore formation in ferns and in most other plants 
which have sexual reproduction. As also m Fig. 409, the chromosomes shown 
111 white are patiTiial chromosome's, those in black, maternal chromosomes. 
Homologous chromosomes (corresponding maternal and paternal chromosomes) 
are' of corresponding length. As the result of the firoee'ss here shown, the spore 
inoth(‘r cell 0^ re'sting condition in 1) gives rise to a tetrad (group of four 
spores) as shown in 10 The mother nucleus (1) has the diploid chromosome 
numlx'r (in this case six) as is shown in 7 of Fig. 409, wharh is characteristic of 
the cells of the siiorojihyte. These six consist of thri'c pairs of homologous chro- 
mosomi's, one of each pair having come from the male gamete and one from the 
female gamete in the last fusion of gametes (2, 5 in Fig. 409). Note that in Fig. 470, 2 
the three pairs, with the chromosomes of each pair in close contact, are lying 
within the nuclear membrane. In 3 the paired chromosomes have shortened 
and have become closely “knotted” whereas in 4 they become “unraveled” 
and have undergone further shortening. In 5 the members of each pair have 
separated but are still in close proximity. In 6 the nuclear membrane and the 
nucleolus have disappeared, and the six chromosomes, each now showing evidence 
of a later lengthwise splitting, have been separated into two groups of three. 
7Vu.s- IS the actual reduction division. As shown in 7, only one chromosome of each 
homologous pair is present in each of the resulting nuclei which arc therefore dif- 
ferent in their chromosome “stock.” Each of these nuclei now undergoes a sec- 
ond division (8) with a splitting of each of its chromosomes, so that there are 
two kinds of nuclei in the tetrad (shown in 9), two having the same chromosomes 
as the upper nucleus in 7 and two having the same chromosomes as the lower 
nucleus shown in 7. 
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Explanation of Mendel’s Results on the Basis of Chromosome 
Behavior. — It will be recalled that, with a few exceptions, inherited char- 
acters are conditioned by genes which are transmitted from one genera- 
tion to the next through the chromosomes. That is to say, the progeny 
have a certain charact-(T which was possessed by one or both parents 
because the nuclei of the new plants contain chromosomes received from 
the parents. Now, thtTe can be little doubt that there is a certain 
definite and fixed part (genetic factor or gene) of one of the chromosomes, 
at least, which is the carrier of each of the two characters which distin- 
guished MendeTs dwarf and tall varieties. The nuclei of the dwarf 

sporophyte plants, in his first cross, con- 
tained two homologous chromosomes each 
with the factor for dwarfness. In these 
nuclei, therc^ were no factors for tallness. 
That is to say, these plants were homozy- 
gous for this characier. The original tall 
plants wer(‘ also homozygous because their 
nuclei contained no chromosomes contain- 
ing a factor for dwarfness but two homol- 
ogous chromosomes bearing the factor for 
tallness. Since these plants are naturally 
self-fertilized, there is lit tie possibility, under 
normal conditions, of the introduction into 
the nuclei of the progeny of dwarf plants of 
a chromosome with the factor for tallness. 
Accordingly, they produce only dwarf 
plants, i.e., breed true.^’ For the same 
reason, the original tall plants would also 
breed true under normal conditions. 

The student will also recall that in the 
H'duction division, a little before the forma- 
tion of microspores (polhm grains) and m(igaspon^s (one of which is tiie cell 
which divides and forms the embryo sac), the members of each pair of 
homologous chromosomes are separated from each other and pass to oppo- 
site ends of the spindle. Accordingly, the megaspores and microspores 
(fmd the same is true of the sperm nuclei and egg nucleus) each contain only 
one chromosome from each pair existing in the sporophyte nuclei. Since 
both the chromosomes of the homologous pair carrying the factors for 
stature in the sporophyte of the dwarf plants carry the factor for dwarfness, 
the egg nuclei and the sperm nuclei are all alike with respect to the factors 
for stature. Similarly, all the sperm nuclei and egg nuclei produced by 
the tall plants are alike in that they have the factor for tallness only. 



Fig. 477 . — Gregor Mendel 
(1822-1S84), whose pliiiit 
breeding experiments laid 
the foundation for modern 
genetics. (From Curtis 
and Guthrie, A Textbook 
of General Zoology.) 
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It will make the rest of our explanation somewhat easier to grasp 
if we substitute the capital letter T for the expression factor for 
tallness,” and the small letter t for the expression “ factor for dwaif- 
ness,” the capital letter indicating that the corresponding character 
is dominant, and the small letter that the alternative character which 
it represents is recessive. It will also be convenient to designate the 
gametes bearing one of these factors as T sperm, T egg, t sperm and 
t egg, and the zygotes resulting from their fusion SiS tT zygotes, tt 
zygotes and TT zygotes. 

The fact already stated, that MendeFs original dwarf plants bred 
true, can be restated thus, using the designations just mentioned. 
Since, in the case of the sporophytes of the dwarf variety, both members 
of the pair of homologous chromosomes controlling stature bear the 
factor for dwarf ness, only t sperms and t eggs will be produced by the 
dwarf plants produced by self-pollination or crossing with other dwarf 
plants. Therefore all the zygotes which are formed by the fusion of 
these gametes will be tt zygotes and will give dwarf plants. 

As stated in earlier chapters, the double number of chromosomes in 
the zygote of any plant consists of pairs of homologous chromosomes, 
one chromosome of each pair having come from the spci’in and one from 
the egg cell. 

The Fi Generation.— Now when dwarf and tall plants are crossed, 
pollen frorji the dwarf variety may be list'd to pollinate stigmas of the 
tall variety, in which case t sperm X T egg = tT zygote; or pollen from 
tlu* tall variety may be used to pollinate stigmas of the dwarf variety, 
in which case T sperm X t egg = tT zygote. 

In bolh cases the zygote contains a pair of homologous chromosomes, 
c^ach of 1h(' members of which bears one of the alternative factors. 
Accordingly, the Fi plants developed from these zygotes will be heter- 
ozygous, and on account- of the dominance of the tall character will be 
1 all plants. Now at the ri'diiction division of the microspore mother cell, 
the I chromosome and the T chromosome, which have been associated 
as homologous chromosomes in all the nuclei of the sporophyte plants, 
arc separated thus: 

1st Nuclear Division 2nd Nuclear Division 


/ daughter cell of pollen. . . t sperm 

y inicrospore < 

/ mother cell poUe/i I sperm 

fr microspore / 

mot her cell \ j, j^ughler cell .)f pollen T sperm 

^ inicrospore \ 

mother cell poUeu T s|H'rm 
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As a result, the pollen grains and the sperm cells are of two kinds, 
T and <, produced in equal numbers. Similarly there are produced 
T eggs and t eggs in equal numbers, as is shown in the following diagram. 


tT megaspore 
mother cell 


t (laughter cell of A megaspore t egg 

y megaspore 

mother cell megaspore t egg 


\ 


T daughter cell of 
megaspore 
mother cell 


yT megaspore 
megaspore 


T egg 
T'egg 



Fig. 478. — Spreading and erect pure lines of Gypsy wheat, 1907. (From Williams in 
Genetics in Relation to Agriculture by Babcock and Clausem, McGraw-Hill Book 
Co.) 


Such separation, at the time of the reduction division, of the two 
members of a pair of homologous chromosomes bearing alternative fac- 
tors, so that half of the gametes have the factor for one character, and 
half the factor for the other character, is spoken of as segregation. The 
resulting purity of the gametes is one of the most important features of 
Mendelian inheritance. 


explanation of mendel^s results 
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The F 2 Generation, — Now, when an Fi plant is self-pollinated or 
cross-pollinated with other Fi plants, there will be four possible com- 
binations of sperm and egg, since there are two kinds of sperms and 
two kinds of eggs; and these combinations, by the law of probability, 
will occur in equal proportions. These combinations are: 

(1) T sperm X T egg giving TT zygote. 

(2) t egg X T sperm giving IT zygote. 

(3) T egg X t sperm giving Tt zygotes, and 

(4) t sperm X t egg giving tt zygotes. 

These four combinations and their origin may be shown graphically 
by the following checkerboard diagram. In this the two kinds of sperms 
are placed in the horizontal row, and the two kinds of eggs in the ver- 
tical row, the possible combinations of gametes are shown in the four 
squares: 


Teggs 


t eggs 


T sperms t sperms 


TT 

1 zygoto 

Tt 

:t zygote 

tT 

zygotci 

tt 

■1 zygote 


Let us consider briefly the result of these four combinations as they 
are expressed in the individuals of the r 2 generation. Combinations 2 
and 3 are identicjil, since in both there is a chromosome bearing the 
factor for dwarfness and a chromosoim' with the factor for tallness. 
These zygotes are said to be heterozygotes. Together, these plants 
will make up half of all the plants. They will all be tall plants on 
account of tht' dominance' of tallness. In fact, these plants are the 
ones which we designated earlier as the hybrid F2 plants, they are 
identical with the Fi plants in appearance and in their l)ehavior when 
interbred. 

The zygotes resulting from combination 4 will develop into plants 
homozygous for this character, since in this case both the members 
of the pair of homologous chromosomes governing stature bear the 
same factor. They will be dwarf plants, since the dominant character 
is entirely absent, and on the same account tall plants can never arise 
from them as long as they are interbred. These are the plants which 
were designated in an earlier paragraph as pure recessive plants. They 
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are indistinguishable in appearance, and in their behavior when inter- 
bred, from the original dwarf plants used at the beginning of the 
experiment. 

The zygotes resulting from combination 1 will be homozygous also, 
and will correspond in their behavior with the pure recessives, except 
that they and their progeny will all be tall plants instead of dwarf. They 
are the plants that were spoken of in an earlier paragraph as the pure 
dominants and are indistinguishable from the original tall plants used 
at. the beginning of the experiment. 

We have described at some length the simplest possible case of Men- 
delian inheritance. Reference has already been made to other cases, 
such as varieties of peas with green and yellow cotyledons and those 
with smooth and wrinkled seeds. Crosses between such plants as these, 
which differ in one pair of contrasting characters, are called mono- 
hybrid crosses. 

Dihijbrid . — Mendel also carried on experiments in which two pairs 
of contrasting characters were involved, instead of one pair only. He 
crossed a variety which produced yellow, wrinkled seeds when self- 
pollinated, with another variety producing green, smooth peas. Such a 
cross is known as a dihybrid cross. Mende^l could judge of th(^ nature 
of the Fi plants of this cross without planting the seeds, for the char- 
acters involved were really characters of the embryo sporophyte within 
the seeds and not characters which, like stature, could be judged only 
after gennination had taken place and the embryo sporophytes had 
grown to some size. All the Fi seeds from MendeTs dihybrid cross of 
yellow wrinkled and green smooth were yellow smooth pc'as. Accord- 
ingly it is clear that the characters for green color and wrinkled sur- 
face are recessive and those for yellow color and smoothness are 
dominant. 

Now, in every nucleus of the embryo sporophyte and later of the 
mature sporophyte of these Fi plants, there must have been a chromo- 
some carrying the factor for yellow, one carrying the factor for 
wrinkled surface (these two chromosomes being from one parent), a 
chromosome carrying the factor for green color, and one carrying that 
for smooth surface (these two chromosomes having come from the other 
parent). Of these four chromosomes, the ones carrying the color factors 
would constitute a homologous pair, and the other two also a homologous 
pair. When these seeds were genninated and the resulting plants had 
flowered, there would be, at the reduction divisions, as in the monohybrid 
case, a separation of the chromosomes of the homologous pairs, and 
accordingly a separation of the factors which these chromosomes 
carried. There would result, however, not two kinds of eggs and two 
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Fig. 479.- - Typical heads from seven pure lines of Defiance ^^'heat. (From Genetics 

in Relation to Agriculture by Babcock and Clausen, McGraw-Hill Book Co.) 

kinds of sperms but four kinds of each, thus: YS eggs, Yiv eggs, gS eggs, 
and gw eggs; and sperms, Yw sperms, gS sperms, and gw sperms. 

It is possible to prophesy what would be the various combinations 
resulting from the self-pollination of the Fi plants or from crossing 
t hem with each other. The checkerboard diagram on page 588 shows the 
various combinations in the simplest fashion possible. In a vertical 
row to the left, of the checkerboard are indicated the four different kinds 
of eggs, and in a horizontal row above the checkerboard are shown the 
four types of sperms. In the sixteen blocks of the checkerboard are 
shown the various possible combinations which might result in the 
zygotes. 

Examination of the diagram shows the combinations which should 
result and the number of each (on the average) among sixteen zygotes 
or F 2 seeds. 

Merely for convenience in pointing out the different combinations, 
the squares of the checkerboard are numbered from 1-16. It will 
be clear that the order in which the factors are given in the different 
combinations is of no significance. Thus YSYw (square 2) is identical 
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YS sperm Yw sperm gS sperm gw sperm 


YS 

FSF<S 

YwYS 

gSYS 

gwYS 

egg 

1 

5 

9 

13 

Yw 

YSYw 

YwYw 

gSYw 

gwYw 

egg 

2 

6 

10 

14 

gS 

YSgS 

F«^^ 

gSgS 

gwgS 

egg 

3 

7 

1 

11 

15 

gw 

YSgw 

Ywgw 

gSgw 

gwgw 

egg 

4 

8 

12 

16 


with YwYS (square 5). The following are the combinations theoret- 
ically possible: 

I. YYSS (square 1) — one zygote out of sixteen — homozygous for 
both color and surface — the seed yellow and smooth. 

II. YYSw (squares 2, 5) — two zygotes out of sixteen — homozygous 
for color but heterozygous for surface — the seed yellow and smooth — 
the latter on account of dominance of the smoothness. 


Yellow Green 

wrinkled ^ smooth 



Fig. 480.— Diagram to illustrate inheritance in a dihybrid cross between a pea which 
would have produced yellow wrinkled seeds if self-pollinatcd and one which 
would have produced green smooth seeds if self-pollinated. Wrinkled seeds are 
distinguished from smooth by their outline and green from yellow by the shading 
of the former. The letters show the various combinations of factors. 

III. YgSS (squares 3, 9)— two zygotes out of sixteen— homozygous 
as to surface character but heterozygous for color — the seeds yellow and 
smooth — the former on account of the dominance of yellow color. 
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IV. YgSw (squares 4, 7, 10, 13) — ^four zygotes out of sixteen — heter- 
ozygous as to the characters both for color and surface — the seeds yellow 
and smooth — on account of the dominance of these characters. 

V. YYww (square 6) — one zygote out of sixteen — homozygous as 
to both color and surface — the seeds yellow and wrinkled because of the 
absence of chromosomes bearing either the factor for green color or for 
smooth surface. 

VI. Ygww (squares 8, 14) — two zygotes out of sixteen — heter- 
ozygous for color and homozygous for surface — the seeds yellow on 
account of the dominance of yellow and wrinkled because no chromo- 
some with the factor for smoothness is present. 

VII. ggSw (squares 12, 15)— two zygotes out of sixteen — heterozy- 
gous as to surface and homozygous as to color — the seeds smooth on 
account of the dominance of this character and green because of the 
absence of any factor for yellow. 

VIII. ggSS (square 11) — one zygote out of sixteen — homozygous 
both as to color and surface — the seeds therefore green and smooth. 

IX. ggww (square 16) — one zygote out of sixteen — homozygous 
both as to color and surface — seeds therefore green and wrinkled. 

Now, although there are nine different sorts of zygotes in respect to 
chromosomes present in their nuclei, the seeds, as regards the characters 
which will be visible, fall into four classes only, as follows: 


Cliisses acconliiiK to the 
apjX'iiriince uf the seeds 

A. Yellow smooth (9 seeds) 

B. Yellow wrinkled (3 seeds; 

(7. Green smooth (3 seeds) 

D. Green wiiiikled (1 seed) 


Combinations 
of factors 

1. seed 

. 2. YYSiv — 2 seeds 
' 3. YgSS — 2 seeds 
4. YgSw — 4 seeds 

, 5. YYww — 1 seed 
I 6. Ygww — 2 seeds . 

J 7. ggSw — 2 seeds 1 
I 8. ggSS — 1 seed 1 

9. ggww — 1 seed 


In the case of classes A, B, and C, all the plants (seeds) in any one 
class, which are alike in all obvious characters although they may differ 
in some recessive characters, are said to have the same phenotype. 
If they are also alike in all other characters, that is, in those characters 
which do not come visibly to expression but can be demonstrated only 
by breeding expi^riments, they are said to have the same genotype. 
Thus the individuals of any single one of the nine sorts listed under 
“ Combinations of factors ” have the same genotype. Altogether, 
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there are nine genotypes represented. For example, seeds correspond- 
ing to the combinations YYSS and YgSWy have the same phenotype, 
because they are all yellow and smooth. However, they differ geno- 
typically since those corresponding to the combinations YYSS have 
no factor for green color and wrinkled surface, whereas the other seeds, 
corresponding to the combination YgSiVy have these factors but do not 
manifest their presence because the characters for yellow color and 
smooth surface are dominant. 

An examination of the nine combinations listed above will show 
that not only YYSS (the pure dominant) and ggww (the pure recessive) 
will breed true, but also the combinations ggSS and YYunv. In other 
words, all will breed true in which only two factors (one for color 
and one for surface) are present. All the others will give various 
combinations when self-fertilized. These combinations can be defi- 
nitely foretold on the basis of the checkerboard diagram on 
page 604. 

Clearly, when trihybrid crosses are made, that is, crosses of individ- 
uals differing in regard to three pairs of contrasting unit characters, a 
much more complex situation will result in the Fo than in the case of 
dihybrids. It will, however, be possible to prophesy all the resulting 
combinations, just as in the case of a dihybrid cross. 

This account of the results of monohybrid and dihybrid crossoe 
illustrates the manner in which many new combinations of characters 
may be established by crossing plants differing in r(‘latively few char- 
acters. Thus the crossing of forms differing in two such pairs of con- 
trasting characters gives four possible combinations of characters. 
Eight combinations of factors result when the forms crossed differ in 
three pairs of contrasting (alternative) characters, and sixte(‘n if four 
pairs are involved. It is thus that new characters such as those which 
have originated in the sweet pea by mutation have been utilized in pro- 
ducing numerous varieties. 

Fossil Plants.' — Fossils are the evidences of life buried in the rocks. 
The oldest known fossils are plants which are referred to the su}:)kingdom 
Thallophyta; they lived in the sea more than half a billion y('ars ago 
during the era known by paleontologists as the Proterozoic.^ Aquatic 
plants similar to them are still living in the warmer parts of the ocean, 

^ This section on fossil plants was prepared by Ralpli W. C'haney, J^rofossor of Pale- 
ontology in the University of California. 

^ Geologists divide the history of the earth into five eras, the Archeozoic during which 
no life is known to have existed, the Proterozoic in which the licginnings of life appear, 
the Paleozoic during which ancient life l>ecame well established, the Mesozoic; in which 
life began to assume a modem aspect, and the Cenozoic in which plants and animals of 
modern types became dominant. 
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where they form calcareous reefs with structures similar to those of 
their remote ancestors. 

The greatest development and diversity of plant life have occurred 
upon the land. The first land plants date back several hundred million 
years to the beginning of the Devonian period, which falls in the middle 
of the Paleozoic era. The oldest plants upon the land were for the 
most part small and simply organized, with creeping stems and without 
well-developed roots and leaves; like most plants which live in water 
or moist places, they reproduced by means of spores. Although they are 
definitely referable to the division Pteridophyta, these primitive plants 
are unlike any now living; because of their resemblance to the Psilotales, 
a simple order with two living examples in the tropics and the southern 
hemisphere, they are placed in the order Psilophytales. Fossil plants 
of this extinct order have recently been found in the Devonian of 
Montana, in association with the remains of fish known as ostracoderms 
which rei)resent the most primitive vertebrates. Related plants occur 
as fossils elsewhere in North America, in many parts of Europe, in China, 
in South Africa, Australia, and the Falkland Islands. Some of them 
have structures suggesting their ancestry in the division Bryophyta, 
which is intermediate between the Pteridophyta and the lhallophyta, 
and whose geologic history is practically unknown. 

In later Devonian and Carboniferous time, more advanced types of 
Pteridophytes form the dominant element of the land vegetation. 
Stems, roots, leaves, and fruiting structures of plants knowm as calamitos 
are abundant in the layers of shale associated with coal-beds; except 
for their much greater size, they resemble our present-day Equisetum, 
whose jointed stems are of common occurrence in many parts of the 
world today; calamites are placed with Equisetum in the order Equise- 
tales, and like this modern relative appear to have lived in swamps. 
A second order, the Lycopodiales, whose living representatives are the 
small club-mosses or ground-pines of our moist forests, had abundant 
Paleozoic species of trees reaching a height of over 100 feet. Although 
all parts of these plants occur in the fossil record, the most characteristic 
remains are of the stems; these show rows of leaf scars, and are referred 
to the gc'iiera Lepidodendron (scale-tree) and Sigillaria (seal-tree). 

(Fig. 481, 1-3.) . , . T3 1 

Many true ferns, of the order Filicalcs, also occur in later Paleozoic 

rocks, but most of the fern-like plants reproduced by means of seeds 
rather than by spores and are placed in the division Spermatophyta. 
They are known as seed-ferns (Pteridosperms), and make up one of the 
most varied elements of the Carboniferous floras. Another type of 
seed-plant occurring in the Paleozoic falls in the extinct order Cordai- 
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tales; they were tall trees with long, strap-shaped leaves, whose stems 
show a general resemblance to the modem Gymnosperm known as 
Araitcaria, No flowering plants have as yet been found in rocks of 
Paleozoic age. 

The Permian period wliich brought to a close the Paleozoic era 
witnessed great changes in the distribution of sea and land; broad shal- 
low seas, like Hudson Bay in eastern Canada, which covered much of 
the United States, were drained, and much of the continent of North 
America became dry land as wc now know it. The resultant draining 
of the swamps, in which the plants of the Carboniferous lived, together 
with widespread glaciation and aridity especially in the southern hemi- 
sphere, inaugurated living conditions unsuited to most of the Paleozoic 
plants and resulted in their extinction. Some of the seed-feras, and 
giant horsetails and lycopods, survived into the early part of the follow- 
ing era, which is known as the Mesozoic because its life was of a type 
intermediate between the Paleozoic and the more recent. But for the 
most part these ancient plants disappeared, and their places were 
taken by large-leafed ferns, conifers, and cycads. The Mesozoic is 
sometimes referred to as the Age of Cycads because of the abundance 
of these plants, which are placed in the Gymnospermae although their 
general appearance is more like that of the palm. Cycads occur today 
in the wamier parts of both hemispheres, and represent the last of a 
group of plants which was widespread from Antarctica to Greenland 
during the middle of the Mesozoic. At this time there appeared the 
immediate ancestors of modern conifers trees like our pine and red- 
wood of the northern hemisphere, and Araucaria of the southern. 
There are abundant impressions of leaves so like those of the living 
(rinkgo or maidenhair tree that there can be no question that this tree, 
now found in the tompk' grounds of China and Japan as a single surviv- 
ing species, was foriiK'rly widespread in many parts of the world. More 
p)erhaps than at any other time in the history of the earth, the same 
gcmeral type of vegetation covered wide areas in which the forests of 
today are wholly different; this has led paleontologists to conclude that 
the climate of middle Mesozoic time wiis much more uniform than 
it, is at present; a flora which is widespread and essentially uniform in 
many parts of the world is known as a cosmopolitan flora. 

The plants of the Paleozoic and the first half of the Mesozoic were 
probably rather monotonous in aspect, since they lacked the structure 
known as the flower which gives color to our modem vegetation. 
Angiosperms, or flowering plants, make their first appearance m the 
Cretaceous, which is the last period of the Mesozoic era. Leaves 
similar to the sycamore (Platanus), Magnolia, Sassafras, legumes, and 
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Fig. 482.— Fossil leaves of redwood and aider (approximately 40 million years old) on a slab of 
volcanic shale of Miocene age, from the John Day Basin of eastern Oregon. In Miocene 
time redwoods, which are now restricted to a limited area along the Pacific Coast, were dis- 
tributed over much of the northern hemisphere, including Asia, Europe, and North America. 
(Photograph furmshed by R. W, Chancy.) 


palm of today have left their impressions in sediments deposited in 
valleys and lakes during the Cretaceous, long before man or his rela- 
tives lived upon the earth. Since some of these plants are considered 
by botanists to represent a high stage in evolution among angiosperms, 
it is evident that their ancestors must have lived during an earlier part 
of the Mesozoic under conditions not favorable to their preservation as 
fossils. There is much indirect evidence for the assumption that the 
earliest flowering plants lived in the uplands, far away from places where 
their leaves and stems might become buried and preserved, and that 
their history may have extended back into the closing days of the 
Paleozoic era; but there is no direct evidence of their history prior to 
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the Cretaceous, when they appear first in Greenland, and shortly later 
in Europe and North America. From their earliest occurrence in high 
northern latitudes, most paleontologists believe that flowering plants', 
and the mammals which fed upon them, had their origin in the land 
mass known as Holarctica, including northern Eurasia, North America, 
and the arctic islands. 

The last of the great eras of geologic time, the Cenozoic, which has 
extended down into the present, is the Age of Flowering Plants; during 
this time they have become the most abundant element in the vegeta- 
tion of the world. The once dominant Pteridophytes and cycads have 
gradually come to occupy an unimportant place, and occur for the most 
j)art in the warmer parts of the world. Even the gymnosperms have 
become restricted in distribution and numbers, but the angiosperms 
have adapted themselves to a wide range of living conditions and 
greatly outnumber all other types of plants. The changes in flowering 
plants during the Cenozoic era, which extends over the last one hun- 
dred million years of earth history, are not so much in kind as in distri- 
bution. Because of their small size, softer structures, and less regularly 
deciduous habit, herbs do not commonly occur as fossils, but their 
abisence from the record can not be interpreted as indicating that they 
did not live in the past. Most of the common families of trees and 
shrubs are well represented in the fossil record, and the restriction of 
their range as a result of earth changes forms one of the most striking 
chapters in the history of vegetation. 

During the early part of the Cenozoic, the forest in western North 
America was made up of trees whose closest living equivalents now 
occu[)y the subtropical portions of Mexico and Central America, figs 
(Fiew^), laurels {Nectandra, Ocotea), cinnamon {Cinnamomum), custard- 
apple ’{Anona), and ebony (Diospyros) are among the many fossils 
whose modern relatives arc restricted to the warmer parts of the world, 
d'he gradual cooling and drying of the clim.ate, together with a slow 
uplift of the mountains in western America, made it impossible for these 
1 rees to survive in California and Oregon, but their closely related descen- 
dants have continued down to the present in the regions to the south. 

During the middle portion of the Cenozoic, a strictly temperate 
forest Wi^ widespread over much of the northern hemisphere. Its 
most characteristic species was the redwood (Sequoia), and many 
common associates of the modem redwood, such as the alder (Alnus), 
tan-oak (Lilhocarpus), California laurel (UmbeUuland), and maple 
(Acer) left their leaves, fmits, and stems in the deposits of that day. 
From its close resemblance to the redwood forest of coastal Cahfomia, 
which lives imder temperate climatic conditions characterized by high 
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rainfall and uniform temperature, it is possible to conclude that a simi« 
lar climate was widespread from California around the Pacific Basin 
to China. The intennigration between Asia and North America of 
many plants and animals has long been indicated by the fossil record; 
the recent finding of redwood fossils on St. Lawrence Island halfway 
between the continents in the Bering Sea indicates the former presence 
of a land connection over which the life of the past was enabled to 
migrate. In addition to the typical redwood clement of this fossil 
forest, there are species of plants whose nearest living relatives no 
longer occur upon the Pacific coast of North America; such trees as 
the beech (Fagus), basswood (Tilia), chestnut (Castanea), and elm 
( Ulmus) not only ranged into western North America but extended with 
the redwood into Greenland, Spitzbergen, and other parts of the North. 
These records of the plant life of the past emphasize the great changes 
which have occurred over the surface of the earth in geologic time, and 
help to explain some of the peculiarities in distribution of modem plants. 

During this latter portion of the Cenozoic era in which wc live, 
plants which require mild moist climate have been further restricted. 
A continued trend toward cooling and drying, with the accompanying 
uplift of the mountains in western America, has confined the nidwood 
forest to a narrow strip along the California coast. Fossil floras of late 
Cenozoic age contain poplars {Populus), willows (Salix), sycamores 
(Platanus), and other trees which live still in the interior of western 
America where the temperature and rainfall are not well suited 
to the growth of dense forests. Over wide areas grasslands have invaded 
the territory once occupied by forests, and it seems clear that further 
climatic changes along this trend of cooling and drying may be ex- 
pected to limit forests to an even greater extent. Whether the trend 
will continue, or whether as indicated by events of the past there will 
be a return to moist mild climate, it is not possible to predict. It 
seems certain, however, that the plant life on a changing earth will 
continue to change in the future as it has in the past, and that the for- 
ests of geologic time which lies ahead will differ as much from those 
which we know as those of today differ from the ancient vegetation of 
the Carboniferous with its giant club-mosses and horsetails. 



APPENDIX 


BOOKS FOR REFERENCE AND COLLATERAL READING 

General References 

Kerner: The Natural History of Plants. English translation by Oliver. Henry 
Holt & Co., Now York, 1895. 

Fitting, Jost, Schenck, and Kausten: Strashurger\s Textbook of Botany f Fifth 
English Edition. IMacmillan & Co., Ixindon, 1923. 

Bower: The Botany of the Lining Plants Second Edition. Macmillan & Co., 
London, 1923. 

Coulter, Barnes, and Cowles: Textbook of Botany ^ Vol. I, Revised Edition. 
American Book Co., Now York, 1930. 

Smith, Overton, Gilbert, Denniston, Bryan, and Allen: A Textbook of 
General Botany, Revised l^Mition. The Macmillan Co., N(‘W York, 1931. 

Sinnott: Botany, Principles and ProbUins. !McGraw-IIill Book Co., New York, 
1935. 

Wodehouse: Pollen Grairus. McGraw-Hill Book Co., New York, 1935. 

Hill, Ovekholts, and Popp: Botany, a Textbook for Colleges. McGraw-Iiill 
Book Co., New York, 1936. 

External Morphology of Seed-Bearing Plants 

Guay: The Elements of Botany, .\merican Book Co., New York, 1887. 

Leavitt: Outlines of Botany. American Book Co , New ^'ork, 1001. 

Plant Anatomy 

TIauehlandt. Physiological Plant Anatomy. Macmillan & Co., London, 1914. 

.Ieefue^ : The Anatomy of Woody Plants, rniversity of Chicago Press, 1917. 

Stevens. Plant Anatomy, Fourth Edition. P. Blakiston’s vSon & Co., Phila- 
delphia, 1924 

Fames and MA(d)ANiELS' .•\n Introduction to Plant .Anatomy. McGraw-Hill 
Book Co., New York, 1925. 

Plant Cytology 

Wilson: The Cell in Development and Heredity, Third Edition. The Macmillan 
Co., New York, 1925. 

Sharp: An Introduction to Cytology, Third Edition. McGraw-Hill Book Co., 
New York, 1925. 

Seifriz: Protoplasm. McGraw-Hill Book Co., New ^ork, 1936. 

Plant Physiology 

Palladin: Plant Physiology, Third American Edition. Translated and edited 
by Livdngston. P. Blakiston’s Son & Co., Philadelphia, 192(i. 

Spoehk: Photosynthesis. The Chemicftl Catalog Go., New \ork, 1926. 

613 




INDEX 


(Niiiiibprs in bold-face type indirnte pages bearing illustrations.) 


A 

Abies (spnice), 537; absence of root 
hairs in, 166 

Abscission layer, 203 ; of leaves, 202 
Absorption, 20, 65; by plant cells, a 
summary, 74; by roots, 25, 163, 172; 
ill germination, 297 ; of dissolved 
substances into living cells, 73; of 
energy, 210, 211; of inorganic salts, 
172; of solutes, 65, 73; of water, 170, 
172; spectrum of chlorophyll solu- 
tion, 208 

Accessory buds, 30 
Accessory pigments, 348, 382 
Acer (maple), leaf of, 185 ; saccharum, 
wood of, in section, 120; wing('d fruit 

of, 294 

Acetic acid fermentation, 396 
Achene, 272, 276 , 280 ; of buckwheat, 

280 

Acids, 216; sec aUo Acetic acid. Malic 
acid, etc. 

Acorn, 281 

Acquired characters, inheritance of, 
588 

Active buds, 32 

Active solute absorption, theory of, 73 
Adaptations favoring dispersal of .s(‘(hIs 
by wind, water, and animals, 293 
Adianturn (maiden-hair fern), 516 
Adnation of flower parts, 234 
Adventitious buds, 28 
Adventitious roots, 154 
Aecia, 446 , 448 ; of blister rust on white 
pine tree, 437; on barberry leaf, 437 
Aecial stage of Puccinia giaminis 
(blackstem rust), 449 
Aeciospores, 447 

Aerial roots; of banyan, 177; of com, 

176 


Aesculus (buckeye), bud scales and 
leaves of, 96 ; twigs bhowiiig opening 
of terminal bud, 96 
After-ripening of seeds, 305 
Agaricales, 453 

Agaricus campestri^ (a mushroom), 

453, 455, 456 

Agave (century plant), in flower, 45 
Age of trees: determination of, 123; 
Sequoia, 116 

Aggregate fruits, 271, 273; of black- 
berry, 273 ; of raspl)eny, 271 ; of 
strawberry, 276 
Agriculture, 6 
Agronomy, 6 

Agropyron repens, rhizome of, 148 
Air: composition of, 204; in soil, 319; 
movements as affecting transpiration 
rate, 220; temperature as affecting 
transpiration, 221 

Albugo Candida (white rust), 411 ; 
asexual reproduction in, 410 ; de\'el- 
oi)iiient of sporangia, 413 ; sexual re- 
produciion in, 410; zoospore forma- 
lion and germinating zygote of, 413 
Alcoholic fermentation, 395 
Alder (Ahnus) : fossil leaves of, 610 ; 

old root of, in transverse section, 170 
Aleurone in grain, 291 , 292 
Algae, 344, 317; alternation of haploid 
and dii)loid phases in, 384; and typi- 
cal land plants, relative complexity 
of, 387; blue-green, 348; brown, 372; 
characteristics of, 347; classes of, 
347 : conditions favoring zoospore 
and gamete production in, 387 ; 
green, 352*, origin and evolution of 
sex in, a summary, 386; red, 382; 
reduction division of, 356, 360, 365. 
367, 381, 385 
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Alga-like fungi, 406, 421 
Alkali soils, 321 
Alkaloids, 216 

Allium ccpa (onion) : bulb of, 25, 160; 

cell from root tip of, 47 
Almond (Piuuus amygdalus), mature 
fruit of, 277, 278 

Ahius: old root of, in transvcTse sec- 
tion, 170; root tubercles of, 387 
AloCy monocotyledon with cambium 
ring, 131 

Alternate buds, 30 
Alternate loaf arrangement, 29 
Alternation of generations, 464; in 
Bryophyta, 464, 494; in Ptorido- 
phyta, 497; in Rhodopliyceae, 384 
Alternation of haploid and diploid 
phases in life history of algae, 356, 
360, 365, 367, 381, 384 
Aluminum, 326 

Amanita (gill fungus) ; characteristics 
of, 456; si ages in development of, 
454, 456 

Amino acids, 295 
Ammonification, 395 
Ammonium salts, 397 
Ammophila arenar'ia (grass), a sand- 
binding plant, 175 
Amoeboid movement, 406 
Amygdalin, 216 

AnagalliSy sessile h'aves of, 180 
Analogous organs, 340 
Ananassa (pineapphO , fruit of, 274 
Anatomy, 5; of flower ])arts, 231-239; 
of leaf, m^202; of root, 158-169; of 
stem, 98-133 

Anatomy uj Planlfi by Mal])ighi. 62 
Anchorage* by roots, 177 
Androsporangia in Ocdogoiun ni, 366 
Anemoj)hilous flower, .see Wind, polli- 
nation by, 259 

Angiospermae, 96, 557 ; and gymno- 
sperms, important j mints of contrast 
between, 573; evolution among, 574 
Animals: adaptations favoring dis- 
persal of seeds and fruits by, 295; 
compared with plants, .see Plants 
Annual ring, 98, 114, 116, 116, 117, 
119, 122 
Annuals, 44 


Annulus: of fern sporangium, 507, 608; 

of moss capsule, 589 
Anther, 232; of lily, cross section of, 
235; of wheat, development of, 668; 
of wheat, sivtions of, 669; versatile, 
253 

Antheridia: of Albugo, 410; of Bryo- 
phyta, 465; of Equiseium, 620; of 
fern, 602; of Purus, 379, 380; of Fu~ 
miria, 483, 486, 486; of Marrhantia, 
475, 477, 478; of Ocdogo)iium, 366; 
of Polypodium, 601, 602; of Picrin, 
467, 469, 477; of Saprolcgnia, 410; of 
Sclaginclla, 525; of Vaucheria, 338, 
369 

Antheridial cell of Finns, 515 
Authoccros (a liverwort), 480, 481 
Anthocyanin pigments, 59 
Antipodal nuclei and colls, 258, 264; 
fate of, 265; in corn, 666, 669; m 
wheat, 565 

Apical growth, 133; meristoin, 93, 99 
Apophysis, 489 

Ai)othecium, 423; of brown rot fungus^ 
424; of lichen, 433, 437; of Pezizu 
sylrestris, 426 

Appl(^ (Pyins), alternate buds of, 30; 
fruit spur of, 30; mature fruit of, 
279; mixed bud of, 29 
Ai)plied science, 5 

Archegonial branch of Mnrchantia, 476 
Archegomal rece])tacle, 500, 601 
Archegomum, 465; of Equisetum, 521; 
of Futuinu, 483, 484, 486; of Pin us, 
649; of PuIyjHjdium, 502; of Piccla, 
467, 470; of Srlaginella, 624, 526 
Archesporial cells of wheat, 658 
Arcyu'a (a slime fungus), 405 
Arlhtolocliia (Dutchman’s pijie) : cork 
cells from stem of, 88 , 125; leaf bud, 
93; stem of, cross section of young 
vasendar bundle*, 103; stem of, inth 
ray and vascular bundles, 104 
Aristotle, 11 

Artemisia (sagebrush) : cross section of 
stem of, 129; vulgaris, loaf variations 

in, 684 

Artificial cla.ssifi cation of organisms, 12 
Arundtnaria, see Bamboo 
Ascent of sap, 135, 140 
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Asclepias (milkweed): latex in, 142; 

seed of, 294 
Ascocarps, 423 

Ascogonium of powdery mildew, 429 ; 
in Fyroncma, 425 

Ascomycetes : characteristics of, 421; a 
summary, 435 
Ascospon?, 421 

Ascus, 421, 425, 435; of lichens, 437 
Asexual reproduction, 344; by spores, 
345 

Ash {Fraxinm) : opposite bud arrange- 
ment of, 31 ; twigs showing opening 
of the terminal bud, 96 ; winged fruit 

of, 294 

Asparagus: cladophylls of, 229 ; flowers 
of, 244 ; officinalis, seed of, cells from 
the endosperm, 288 ; rust, 449; scale 
It'af of, 229 

Aspergillus (green mold), 428, 430 
Assimilation, 20, 79, 300; and seed ger- 
mination, 300 
Associations, plant, 328 
Atmospheric; humidity, a factor of the 
environment, 314 
Atoms and molecules, 10 
Auricles of grass leaf, 187 
Autoecious fungi, 449 
Autonomic movements, 36, 39 
Autophytic plants, 343 
Aiitophytic thallophytes, 347 
Auxospore of diatoms, 372 
Available water in soil, 172, 309, 317 
Avoid (oat), 14; saliva, inflores(;encc, 
spikf'let and flower of, 261 
Awn of grass(\s, 261 
Axile placentation, 238 
Axillary buds, 28, 29, 31 
Axil of leaf, 28 

Azalia {Rhododendron), capsule of, 

272 

Azolla (water fern), 614 
Azotobacter, 398 

B 

Bacillus anthracis, 392; forms of bac- 
teria, 390 ; protcus, 390 ; sporngencs, 
390 ; subtility 390 ; typhosus, 390 
Bacteria, 389; beneficial activities of, 


392; distribution of, 389; form types 
of, 390 , 389; general characteristics 
of, 389 ; germination of spores of, 
392; harmful activities of, 393; in' 
relation to soil fertility, 397; living 
free in the soil, nitrogen fixation by, 
398; motility of, 392; multiplication 
of, 390; size of, 390; spore formation 
in, 391 ; structure of cells of, 391 ; 
symbiotic, nitrogen fixing by, 398 

Balance between shoot and root sys- 
tems, 26 

Bamboo {Arund inaria) , parallel vein- 
ing in leaf of, 183 

Banner of pea flower {Lalhyrus odor- 
at us), 246 

Banyan {Ficus indica), aerial roots of, 

177 

Barbc'rry {Berberis) : aocia of, 460 ; as 
host of Puccinia graminis, 444, 451; 
leaf spines, 226 

Balk, 124; layers of, 99; of oak, 126 ; 
tissues of, 125 

Barlc^y {Ilordcum) , leaf of, 187 ; root 
of, longitudinal section of, 169 ; smut, 
440 

Barric'rs, kinds of, 330 

Basidial, stage of Puccinia graminis 
(black stem rust), 445 

Basidiomy(;('lcs: characteristics of 

group, 435; summary, 459; threcj 
groups of, 436 

Basidiosi)orc\s, 435, 451 ; stages in de- 
velopment of, in Coprinus, 466 

Basidium: definition of, 435; forming 
fungi, 435; of black stem rust {Puc- 
cinia graminis), 449 , 450; of corn 
smut {U si dago zeac), 438, 440 ; of 
mushroom, 466 , 467 ; stages in de- 
velopment of Coprinus, 466 , sec alsa 
Promycehum 

Beach grass {Ammophila arenaria), a 
sand-binding plant, 176 

Bean {Phaseolus vulgaris) : seed of, 
286 , 289 ; stages in germination of, 

306 

Bees as agents of pollination, 259 

Beet {Beta imlgaris): flower of, 242 ; 
petiole of in cross section, 202 ; root 
system of, 157; storage in, 25 
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Begonia^ adventitious roots from 
leaves, 154 ; fleshy storage stems 
of, 141; reaction of leaves to light, 

43 

Bennettitales, 555 
Bentham and Hooker, 11 
Benthon, 347 

Berhcris commu7m (barberry), 445; 
leaf of, showing clusters of aena, 
460 ; leaf spines of, 225 
Bermuda grass {Cijnndon dactylou), 
rhizomes of, 25, 147 
Berry, a type of fruit, 271 , 276 
Bessey, 18 

Beta vulgaris (beet): flower of, 242 ; 

root system of, 157 ; storage in, 25 
Bctula (birch), lenticels of, 126 
Bidens (Spanish needles), barbed seed 
of, 294 
Biennials, 44 
Bifacial leav’es, 198 
Big Tree, see Sequoia gigantca 
Bilateral symmetry, 246 
Binomial nomenclature, 16 
Biology, 2 

Biotic factors, 222, 309 
Biotic successions, 331 
Birch (Betula), lenticels in, 126 
Bird-of-Paradise flow’er (Strelitzia) , 
cells from calyx, showing chromo- 
plasts, 66 

Bird’s nc'st fungi (Oasteromvcetc-s), 459 
Blackberry {Rubus) : bud of, 30; fruit 

of, 273 

Black locust {Robinia pscudacacia) : 
stipular spines of, 182, 226 ; “suckei.s” 
in, 179; tyloses in, 124 
Black-spored gill fungi, 456 
Black-spore stage of Pucctnia griitnini., 
(black stem rust), 445 
Black stem rust {Puccinia grarninis) : 
life history of, 444, 446 , of grasses, 
spore forms of, 447 

Bladderwort (J-trirulnria), insectivor- 
ous plant, 35, 226 , 227, 229 
Bladder wrack {Furus), 376 
Blade of leaf, 119, 182-7 
Blight: fire, of pear, 394; late, of po- 
tatoes, 412 

Blister rust (Cronartium ribirola ) : on 


cuiTant leaf, 462 ; on white pine tree, 
aecia of, 460 
‘^Bloom,” 222 

Blue and green molds, 428, 430 
Blue-green algae, see Myxophyceae 
Body cell in pine, 647 , 550 
Bordered pit, diagram showing struc- 
ture of, 108 , 118 
Boron, 326 

Boston ferns, pinnae of various bud 
mutations, 686 , 587 

Botany; definition of, 3; subdivisions 
of, 5; systematic, 5 
Bracken fern (Pteris aquilhia)^ 516 
Bracket fungus (Fomes igmirius), spor- 
ophores of, 460 

Bract, 230; floral, 254; of dogwood, 
‘‘floweT,” 264 ; of pine, 540, 642 ; of 
spikelet, 245 

Branching types, 24 . 26 , 27 
Branch roots, origin of, 166 , 167 
Bra^^slca (mustard) : gootropic curva- 
ture of sef‘dling, 36 ; phototropic cur- 
vature of hypocotyl and root, 39 ; 
rapa, storage root of, 25; silique of, 
271 

Bread mold (Rhizopus nigneaufi), 415, 
416 , 417 , 418 , 419 , 420 , 421 ; showing 
vsfages in the formation of the zygo- 
spore, 419 
Bromine, 326 
Brown, Robert, 63 
Brown algae (Phaeophyceae), 372 
Brownian movement, 361 
Brown rot fungus iSclerothtia ciHcreu), 
apothecia of, 424 

Brown rot of peach caused by Sclent- 
tiuia, 423 
Bryales, 482 

Bryophglluni, adventitious roots from 
l('aves, 154 

Bryoj)hyta, 15, 463; classes of, 465; 
general characteristics of, 463; sum- 
mary of, 494 

Buckeye (Acsnulus) : twigs showing 
opening of terminal bud, 96 
Buckwheat {Fagopyrum csculcritum) , 
fruit of, 280 

Bud: arrangement, 31 , 32; axillary, 93 , 
182 ; grafting, 29 ; mutants, 586; pro- 
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tected by leaf base, 182 ; scales, 29 , 
224 ; EKJale scars, 34 ; terminal, of 
Arislolochia, 93 ; terminal, photomi- 
crographs of longitudinal section, 94 ; 
terminal, showing opening of, 96 , 96 ; 
variation, 689 

Budding: a horticultural practice, 144; 
in yeasts, 431 

Buds, 28; classification of, 34 
Bulb, 25, 150; of onion, 160 
Bundles: closed, 129; open, 129 
Bundle scar, 29, 34, 202 
Bundle sheath, 130 

Bunt, or stinking smut of wheat {Til- 
Iclia), 441 , 443 

Buttercup (Rauuriculus), root of: jiho- 
tomicrograph of cross section, 160 ; 
photomicrograph of stele in cross 
section, 161 

By-products of photosynthesis, 211 
C 

Cactus, fleshy storage stems of, 141, 163 
Caffein, an alkaloid, 216 
Calaimtcfi, 516 
Cah'jurn, 324 
Callus, 146 

Calvatia sculpta (pufT-ball), spoio- 
jihores of, 462 

Calyptra : of Funaiia, 484 ; of 7l/«r- 
chantia, 476 
(\aly\, 231 

Cambium, 82, 99, 102 , 103 , 112 ; cells, 
stages showmg diffonmtiation of, 
110 ; cork, 84, 112 , 113; fascicular. 
103 , 104 ; interfascicular, 104 ; origin 
of, in root, 168 ; ring, 104; vascular, 
98 

Canada thistle {Carduvs arrotsis), rhi- 
zome of, 25 

Ca])illarity, 136, 138; in soil, 172 
C'apillitium (of M>T:oiiiycetes ) , 406 , 
406 

( apaella (shepherd's purse): origin and 
de'velopmeiit of flower parts of, 233 ; 
ros(‘tte in, 45; stages in develop- 
ment of einbiyo, 264 ; unicellular hair 

of, 196 

Cai)sule: of fern si)orangiuin, 507, 608; 


of F unaria, 484 , 488 , 489 ; of Afar- 
chantia, 476, 478 ; of Sphagnum, 493 ; 
type of fruit, 271 , 272, 278 
Carbohydrates, 49; assimilation of, 79; 
conduction of, 134; fermentation of, 
395; manufacture of, 74, 78, 79, 140, 
208; rate of i)roduction in leaf, 214; 
respiration of, 76, 78; storage of, 178; 
stored in seeds, 275 
Carbon compounds, 49 
Carbon cycle, 402 

Carbon dioxide, 326; concentration, a 
factor of environment, 314; contents 
of atmosphere as affecting photosyn- 
thesis, 214; movement of, 204; raw 
material in photosynthesis, 74, 76, 
204, 211, 214 

Carboniferous forest, reconstruction of 
part of, 608 

Carduus arvenais (Canada thistle), rhi- 
zome of, 25 

Carnegia giqantca (giant cactus), a 
xerophytic plant, 318 
Carolina poplar (Popidus), excurrent 
type of stein, 27 
CaroUme,, 55 
Carpel, 232, 236 

CarjielJafe strobilus of pine, 539, 640 
Caniogonia of red algae, 383, 384 
Carpospores m RhodophjTeae, 384, 385 
Carrot {Dane us), root system of, 157 
Caruncle, in seed of castor-oil plant, 
290 

Caiy opsis, 272, 280 
Casparian strip, 162 
Castor-oil plant, (Ricimis communis), 
endosperm of seed, 289 ; seed of, 290 ; 
stages in germination of seed, 307 
Catalpa, whorlcd buds of, 30, 31 
Catkin, 255 

Celery, development of spiral vessels 

in, 106 

Cell, 21, 47; arrangement, as basis for 
classification, 341; division, 79, 81; 
from flesh of tomato, 66; from 
siide, parenchyma, of leaf, 47 ; from 
root of garden pea, 67 ; from root of 
onion, 47 ; history of our knowledge 
of. 61; jdiysiology of, 64; plate, 80 , 
81 ; principal parts of, 47 ; sap, 54, 59; 
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stone, 88 ; structure as basis for clas- 
sification, 340; theory, 62; wall, 47 , 

62 , 63 

Cellulose, 52 
Central body, 348 

Century plant {Agave) in flower, 46 
Cereals, 250, 272, 280, 302 , 436, 443, 
559 

Cheiranihes (wallflower), flower colors 
of, 235 

Chemical: energy, 75, 223; formulae 
and equations, 48; substances, as in 
environmental factors, 320 
Chemosyn thesis, 401 
Chemotaxis, 468 
Chemotropism, 41 

Cherry (Pruny^) : flowers of, 249 ; len- 
ticels, in, 126 

Chinese primrose {Primula sinensis), 
leaf of, showing hydathodes, 221 
Chlamydospores, 436, 441 , 440 
Chloidla, 352 
Chlorine, 326 
Chlorophyceae, 352 

Chlorophyll* a, 55, 352; b, 55, 352; 
fiiriclion of, 209; solution, absorp- 
tion spectrum of, 208 
Chloroplasts, 47 , 54, 55; of Oedogo^ 
Ilium, 363, 366 
Cliondriosomes, 54, 57 
Christmas fern {Polystichurn) , 499 
Chromatin, 58, 79; nuclear net, 54 
Chromoplast, 55, 56 
Chromosome, 79; behavior during n'- 
duction division, 697 ; individuality 
as found in Crepis, 696 ; theoiy of in- 
heritance, 584 

Chromosom(\s, homologous, 585, 587 
Pill ysantln nnun Icucanlheinu m , tlovv<‘r 
heads of, 253 

Chha, 345, 3G3, 307, 550; of bacttaia, 
392; of Stjprolcgnia 2 oos])ores, 409 
Cinchona tree, quinine from, 216 
Cinnamon fern {OsmuniJa) , 515 
Citric acid, 216 
Citrus, 565 
Cladodes, 153 

Cladoum (reindeer moss), 433 
C9ado])hyll, 229 
Class, 14 


Classification of plants, 10, 340, 342; 

artificial or natural, 12 
Clematis : fruit of, 294 ; sections of 
stem, 128 

Climatic factors, 309 
Climax, 331, 333 
Closed bundles, 129 
Closed smut of oats {UstiUigo), 443 
Closterium, 361, 362 
Clostridium pastrurianurn, 398 
Club mosses, general characteristics of, 
522 

Cluster cups, see Aecia 
Coalescence of flower parts, 234 
Coccus forms of bacteria, 390 
Cocklcbiir {Xanthium), hooked fruit 

of, 294 

Coconut {Cocos nueijera), fruits of, 

270 

Coenogainete, 418 , 419 
('"ohesivc power of water column, 137 
Coleoptile. 292 , 302 
Coleorhiza. 292 , 302 
CV)llenchyma, 85, 80. 87 , 202 
CoUetia cruciata, spines of. 151, 162 , 
153 

Colloidal solution, 51 
(nlonia) forms, 319. 350, 351 
Columella: in Anthoceros, 481 ; in Fu^ 
uaria, 487 , 489 ; in PJiizopus, 416 , 417 , 
418 ; in Sphagnum, 493 
Comatricha nigra (slime fungus), 405 
C Combinations, 586 

Common barberry {Pcrhrris vulgaris)^ 
445; leaf of, showing clusters of 
aecia, 460 

Common names, use of, 18 
Community, of lichens on petrifi(‘d 
logs. 332 ; jdant, 328 
( omjiamon cells, 90 , 91, 103 , 110 
(\>mjia.s.s ])lant, 312 
Com])lementary tis.suc, 126 
Component.s of scjlutions, 50, 07 
(-omi)osito flowf^r, stmeture of, 262 , 

254 

Compound: leaf, 186 , 186 ; pistil, 236 
Compounds, 9 

Concentration of solutions, footnote, 

68 

( onceptacles of Fucus, 379 
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Conducting tissues, 87 
Conduction: a function of steins, 133; 
by roots, 174; of food, a function of 
stems, 140 
Conidiophore, 430 
Conidiospore, 42G, 428, 430 
Conifers, 537 

Conjugation, 361; in Closierium^ 361; 
in RhizopuSf 418, 419; in Spirogyra, 
367, 358; in Ulothrix, 366, 356; lat- 
eral, 359; scalariform, 367, 358; tubes, 

367 

Connective of anther, 236 
Constancy of species, theory of, 12 
Continuous or fluctuating variations, 592 
Control of stomata by guard cells, 194 
Convolvulus (wild morning glory), rhi- 
zome of, 148 
Copper, 326 

Coprinus sterquilinus (a miLshroom), 
stages in development, of basidium and 
hasidiospores, 466 
Coralline algae, 383 
C/ordaitales, 555 

Cordyhne, monocotyledon with cambium 
ring, 131 

Cork, 85, 126; annual ring in, 125; 
cambium, 84, 112, 113; cells, from 
illustration by Hooke, 61; of .4 ns- 
tolochia, 28; of commerce, 87; of 
root, 168 

Cork oak {Quernis s//6er), cross section 
of young tree, 126 
Corm, 25; of Crocus, 160 
Corn (Zeu): embryo sac of, longitudinal 
section, 666, 667, 669; grain of, photo- 
micrograph of, lengthwise section, 
293; prop roots of, 154, 176; smut, 
43(), 438, 440; stages in development 
of female garnet ophyte, 663; stem of, 
in cross section, 129; stigma of, show- 
ing path of pollen tube, 666; vascular 
bundle of stem, 130 

Coruus vuttallii (dogwood), flower of, 

264 

Corolla, 231, 242 

Cort(‘x, 99, 101, 102, 123; in Fucus 
plant, 378, 379; of root, 160, 161; of 
stems, yirimary, 101, 102, 103 
Corti, 63 


Cortical parenchyma, of root, 169, 160, 
161 

Corymb, 266 

Cotton (Gossypium), flower of, 248 
Cottonwood (Popuhis) : hairy seed of, 
294; stem of, 29; two-year-old twig 
of, 33 

Cotyledons, 286, 306, 307 

Cover cells in Riccia (a liverwort), 468 

Crepis, chromosome individuality in, 

696 

Crocm, corm of, 160 
Cronartium ribicola (white pine blister 
rust), 460, 451; life history of, 463 
Cross-pollination, 260 
Cross sections: of stems, 117, 128, 129; 

of wood, 114, 116, 119, 120 
Crystal inclusions, 60 
Crystalloid in endosperm cell of cas- 
tor-oil plant, 289 
Crustaceous lichen, 433 
Cucumber {Cucumis sativus), fruit of, 
276 

Cucurhita: cell from, 60; pepn, imper- 
fect flowers of, 242, 243; pepo, raised 
stoma fiom th(‘ fruit stalk of, 196; 
tendrils of, 41 

Cuscuta (dodder), 535, 636, 537 
Cuticle, 84, 91, 112, 191, 192, 193 
Cuticular transpiration, 222 
Cutin, 22, 191, 222 
Cutinized layer, 191 
Cuttings, propagation by means of, 144 
CyofiopJiyccac, see Myxophyceae 
Cycadales, 555, 557 
CycadofiUralcs, 555 
Cycas (a cycad), 556 
Cyclamen, conns of, 25 
C ylindrospcrmum (a blue-green alga), 
360 

Cyme, 256, 257 

Cynodon daclylon (Bermuda gras«), 
rhizome of, 25, 147 

Cyperus rotundus (nutgras.^), rhizome 

of, 148 

Cystocarpsjn Polysiphonia, 384 
Cytase, 299 
Cytology, 5 
Cytoplasm, 47, 54, 80 
Cytoplasmic membrane, 54 



642 


INDEX 


D 

"Damping off,” 407 

Dandelion (Taraxacum) : fniit of, 294; 

latex tubes in, 142, 143 
Darlinglonia, an insectivorous plant, 

226, 228 

Darwin, Charles, 338, 588, 691; polli- 
nating experiments of, 260; theory 
of natural selection of, 590, 591, 
592 

Date (Phoenix dactylijera) , seed of, 
showing plasm odesma, 62 
Datura, capsule of, 271 
Daucus (caiTot), root, system of, 157 
de Bary, Anton, 450 
de Candolle, A. P., 11 
Deciduous trees and shrubs, 33 
Dehiscence, fern sporangium, 513 
Dehiscent fniits, 272 
de Jussieu, Antoine Laurent, 11; Ber- 
nard, 11 

de Lamarck, Jean. 588, 690 
Delayed germination, 304 
Deliquescent type of branching. 26 
Delphinium (larkspur), follicle of, 

271 

Denitrification, 401 
Density, 8; table of, 9 
Description of flower parts, 234 
Desert, 171 
Desmids, 361, 362 
de Vries, Hugo, 593 
Diastase, 298, 299, 396 
Diatomaceous earth, 371, 372 
Diatoms, 370; diagram showing struc- 
ture of, 371 

Dichotomy: in Fucus, 379; in powdery 
mildews, 427, 426 

Dicotyledons and monocotyledons, dis- 
tinctions between, 581 
Diffenhachia, starch grains of, 287 
Differentiation of stem tissues, 93, 99 
Diffusion, 66; diagrammatic represen- 
tation of, 66 ; in relation to absorp- 
tion by plant cell, 71; of solutes 
through membranes, 69; through 
semipermeable membrane, 67, 70 
Digestion, 78; in seeds, 298; of starch 
grains by diastase, 298 
Digestive enzymes, 299 


Digitalis (foxglove), cross section of 
stem, 129 

Dihybrid crosses, 602, 604 
Dimorphism of leaf in Eucalyptus, 

197 

Dionaca rmiscipula, an insec tivorus 
plant, 226, 227 
Dioon, 556 
Dioscorides, 11 
Diplococcus, 390 
Diploid. 334, 646, 555 
Direction of growth, factors determin- 
ing, 35 

Direct nuclear division, 79 
Direct response to env ironriH'iit, the- 
ory of, 588 

Di.sc flower of Jenisalem artichoke, 

268 

Diseases, 393, 410, 412, 421, 428, 436 
Dispersal of seeds and fruits, 295 
Dissolved substances, absoiption of, 
through living c(‘lls, 73 
DLstribution : of Chlorojiliyceae, 352; 
of Cyanophycoae, 348, see also Myx- 
ophyecae; of ferns, 448; of J^haeo- 
phyc(‘ae, 372 

]-)ivision of cells, 79, 81, 612, reduction, 
509, 610, 511, 697 

Dock (Rurficx), cell from leaf stalk of, 
showing crystal inclusions, 60 
Dodder (Cuscuta), 535, 636, 637 
Dogwood (Cornus), “flow(‘rs” of, 264 
Dominant characters, 594 
Dormancy of seeds, 304 
Dormant buds, 30 
Dorsal suture, 236 
Dorsiventral leaves, 197 
Douglas fir (F^seudoisuga) , showing 
spring and summer wood, 116 
Downy mildews, 412 
Droscra fsundew), an insectivorous 
plant, 226, 227, 228 
Drought resistance, 318, 321, 354 
Drupe, 272, 276, 277, 278 
Dry fruits, 272, 278, 280 
Dryopteris (a fern), sori of, 617 
Dujardin, 63 

Dutchman’s pipe : cork cells from 
stems of, 88; leaf bud, 93 
Dwarf males in Oedogonium, 365, 866 
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E 

Earth-star {Geaster), 458, 462 
Ecballium elaterium (squirting cu- 
cumber), fruit of, 296 
Echimocact'm, fleshy storage stems of, 

153 

Echinocyslis (wild cucumber), tendrils 
of, 41 

Ecology, plant, 6, 309 

Economic botany, 6 

Eclocarpus, structure and reproduction 

of, 373 

Edaphic. factors, 309 
Eel grass (Zostera), 536 
JOfliciency of leaf in utilizing sun’s en- 
ergy, 211 

Egg c(’ll, 258, 346; nucleus of, 258; of 
Albugo Candida, 413 ; of corn, 663 ; 
of fern, 502, 613 ; of Fucus, 381 ; of 
Funana, 486 ; of Oedogonnnn, 365, 
366 ; of I’haoophyceao, 381 ; of pine, 
649 , 551, 586; of Riccia archegonium, 
467, 470 ; of Saprolcgnia, 410 
Elaters, in Anthcrocos, 481 ; in Equisc- 
turn, 619 ; in Marchautia, 479 
Elder (Samhurua) , lenticels, 126 
Elderberry (SambucuK) , alternate buds 
of, 30 

EUagnus, scale-like stf'Ilate hair of, 

196 

Elements, 48 ; and compounds, 9 ; es- 
senlial chemical symbols, 48; role of, 
in plant, 323-324 

Elm (rhnu.s) haik of, 125; deliques- 
cent type of branching, 26 ; winged 
fruit of. 294 

Elodca, lib(‘ration of ox.vgen from, 

213 

Embryo, 283, 286 ; formation of, 265; 
of bean, 289; of Capsclla, 264 ; of 
castor-oil plant, 290 ; of corn, 663 , 
666 , 667 , 669 ; of pine, 551 ; of Riccia, 
469; of SclagincUa, 627 ; of shep- 
herd’s purs(*, 264; of wheat, 292 , 565, 
670 ; organs of, 285; rudimentary, 
304; stages in dev^elopment of, 663 , 
570 

Embry ophyta, 15, 463, 532 
Embryo sac, two-nucleate stage, 239 , 
241 


Endocarp, 270 
Endodermis, 160 , 161 
Endosperm, 264 , 283, 286 , 307 ; devel- 
opment of, in wheat, 568; formation 
of, 265; of Asparagus seed, cells 
from, 288 ; of date seed showing plas- 
modesma, 62 ; of Pimis, 549 , 663 ; of 
seed of castor-oil plant, 289 , 290 
End products of photosynthesis, 213 
Energy: changes in life of green plant, 
a summary, 327 ; storage by plants, 
216; transformation of, 7, 316; used 
m photosynthesis, 203; utilization of, 
211 

Enerthema papillatum (slime fungus), 

406 

Engclmann, experiment of, 206, 208 
Engler and Prantl, 11 
English walnut {Juglans regia), stone 
cells from shell, 88 

Entomophilous flowers, see Insect pol- 
linal ion 

Entomophthorales, 407 
Environment- direct response to, 588; 
factors classified, 309; relation of 
plant to, 309 

Enzymes, 216, 298, 395; principal 

classes and characteristics of, 298 
Epi blast, 292 
Epidermal hairs, 196 
Epidermis, 99, 101, 102 , 112 , 126 ; cells 
of, 91 ; of Bryophyta, 473 ; of fern 
leaf, 504, 606 , 506; of leaf, 187. 188 , 
192 ; of moss capsule, 487; of root, 
169 , 160 , 161, 164; of stem, 102 , 109 , 
112 

Epigyny, 248 
Ejiiphytes, 226 
Equations, chemical, 48 
Equisetineac, general characteristics of, 
516 

Equisetuin arvensr : gametophyte of, 
620 , 521; giganteum, 517; hymeuale, 
stem of, 619 ; life history of, 518; 
scirpoidcs, 517; sporn of. 622 ; spo- 
rangium of, 522; sporophylls and ma- 
ture spores of, 619 ; sporophyte of, 
618 , 520, 521 ; strobilus of, 522 
Erysiphe graminis (powdery mildew), 
haustoria of, 427 
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Eschscholtz, 18 
Essential oils, 142, 216 
Etiolated potato plants, 312 
Eubasidiomycetes, 435, 453 
Eucalyptus: height of, 176; leaf di- 
morphism in, 197 

Euphoibia fimbriafa, 13 ; fleshy stor- 
age stems of, 141 ; latex in, 142 
European linden CrUia curopaca), 181 
Evening primrose (Oenothera): inva- 
sion of sandy plains bj% 331 ; rosette 
in, 45 

Evolution, 338; among angiosiierms. 
574; and heredity, 582; mutation 
theory, 593; of flower, principal ten- 
dencies in, 574; progressive, 339; re- 
trogressive, 339; theory of, 4 
Excurrent tyjie of branching, 24 
Exine, 263 

Exoasciis, 423; dejorrnans, leaf curl of 
peach caused by, 422 
Exocarp, 270 
Explosive fruits, 296 , 296 
External factors influencing rate of 
transpiration, 309-398 

F 

Factor, 598 

Factors of environment, 309 
Faculative parasites, 3SS 
Faculative saprophytes, 388 
Fagopyrum cxculcnl mu (buckwheat ) , 
fruit of, 280 
“False indiisiurn,” 516 
False mallow (Malvastnim), epidemal 
hair of, 196 
Family, 14 

Fascicle of pine leaves, 537, 538 
Fascicular cambium. 103 , 104 
Fats, 49, 50; hydrolysis of, 395; stored 
in seeds, 276, 288 
Fatty acids, 299 

Felled trees, determining the age of, 
123 

Female gametangia, 346 
Female gamete, defined, 345, 346 
Female gametophyte; of corn, devel- 
opment of, 663 ; of Equiseturuy 621 ; 
of Finns, 548, 649 ; of Selagmellay 523, 
524, 626 ; of wheat ( T rilicum), 660 , 564 


Ferns, 497; anatomy of, 602 ; and fern 
allies, 497 ; archegonia of, 602 ; distri- 
bution and habitat, 497; fertilization 
and embryo development in, 502; 
gametophyte of, 499, 600 , 602 , 604 ; 
life cycle of, 613 ; prothallium, 500; 
spore formation of, 499; spores of, 
500; sporophyte, stages in develop- 
ment of, 603 ; summary of life cycle, 
513 

Fertilization, 263, 346; double, 264, 
527 ; effect of, on fruit formation, 
266; in Albugo, 413 ; in Equuictum, 
520; in Fucus, 376 , 377; in Funaria, 
420; in M archant in, 475; in Oedo- 
ganhim, 364 , 365; in Feziza, 525; in 
Finns, 551; in Foly podium, 502; in 
Riccia, 467; in Sopiolegnia, 410 ; in 
Selaginella, 526; in Triticum, 560; in 
Vaucheria, 369 ; stimulus of, 269 
Fibers, 80, 88 , 104 ; in mitosis, 79 
Fibrous root system, 157 
Fibrovasciilar bundle: of leaf, 200; of 
stems, 129-133; s<'e also Vascuhir 
cylinder 

Ficus, fruit of, 276 ; clasto'n, a source of 
rubbcT, 143; ntdna, JU'rial roots of, 
177 ; liitex in. 142; mixed bud of, 30; 
stipules of, 182 
Fig, sic Ficus 
Filament of anther, 231 
Filicineae, 498 
Fire bhglit of pear, 394 
Firs, 537 

Fi>sion, 344, 349; fungi. 389 
Fixation of nitrogi'ii. 397-400 
Flagella of bacteria. 392 
Fleshy: and woody fungi, 435, 452; 
fruits, 272; root, 178 ; stem, sic 
Rhizome, Corrn 
Floral leaves, 230 
Florida moss (Tillandsia) , 536 
Flower: accessory parts of, 232; buds, 
29, 33 ; bud scar, 33; complete, 240; 
composite, structure of, 254; defini- 
tion of, 230 ; description of, 23 1 ; 
description of Jerusahan artichoke, 
262 ; diagram of, 231, 232; difTerence 
in number of parts in different 
whorls, 245; epigynous, 260 ; essential 
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parts of, 231, 232, 233 ; formulae, 
575-579; grass, structure of, 250; 
heads of Shasta daisy, 263 ; herma- 
])hroditie, 243; histology of, 234; 
hypogynous, diagram showing struc- 
ture of, 250; imperfect, 242 , 243 ; in- 
complete, 240; infections in smuts, 
43(S; irregular, 245; lacking one of 
the ess('ntial i)arts, 242 , 243 ; ligulate, 
254; of boot, 242 ; of cotton, 248 ; 
origin of parts of, 232, 233 ; jicrfect, 
243; perianth, 231 , 232 , 241, 242 ; 
I)istillate, 242 , 243; jirimordia, 233; 
primrose showing helerostyly, 260 ; 
principal lines of descent, 677 , 679 ; 
ray, of Jerusalem artichoke, 262 
regular, 245; n'produclion by, 257; 
siiiral arrangement of parts of, 244; 
staminate, 242 , 243; structure of, 236 , 
260 ; summary of process of repro- 
duction by, 266; superior, 248, 260 ; 
symmetry of, 246 ; tendencies in the 
evolution of, 574; tubular, 254; types 
of, 240; union of parts of, 246. 
Flucluating or continuous variations, 
592 

Fluorescence, 209 
Foliage leav(‘s, 24 
Follicle, 271 , 272, 27S 
Fumci< iijjmnuK (bracket fungus), spor- 
ophores of, 460 

Food; conduction of, 140; definition of, 
79; kinds of, stored in seeds, 286; 
manufacture, raw materials for, 20, 
79; storage in leaves, 225; transfer 
of, and seed g(M-mination, 299 
Foot; of AntJiurtnos (liverwort), 481 ; 
of fern, 603 ; of Mcucharitia, 476, 479 ; 
of moss, 488 ; of Sclaginclla, 627 , 
529; of Sphagmiin, 493 
Forestry, 6 

Formaldehyde in photosynthesis, 214 
Formulae; chemical, 48; floral, 570— 
579, ace also Flower 
Fossil; club mosses, 522; leaves of 
n'dwood and alder, 610 ; plants, 606 
Fragnrin (strawberry): fniit of, 276 ; 
runner of, 25, 161 

Fraxinm (ash) ; fruit of, 294 ; twig, op- 
posite bud arrangenu'iit of, 31 ; twigs 


of showing opening of the terminal 

bud, 96 

Free central placentation, 237 , 238 
Free nuclear division, 568 
Freezing, injury from, 310 
Frond: of fern, 515; of Fucus, 377 
Fruit: aggregate, 271, 272, 273 ; bud, 29; 
classification of, 270, 271 , 272; defini- 
tion of, 268; de\'elopment of, 269; ex- 
plosive, 296 ; formation, effect of fer- 
tilization on, 266; “key’', 272; 

multiple, 271, 273, 274; partheno- 
carpic, 269; “setting”, 269; spur of 
apple, 30 ; walls, structure of, 270. 
Fuchsia, flower of, 246 
Fucoxanthin, 373 

Fucus, 373, 376; antheridia and oogonia 
of, 379 , 381 ; development of eggs of, 
381; development of sperms of, 380; 
fertilization of eggs and formation 
of zygote in, 377 ; frond of, 378 ; 
germinytion of zygote of. 377; im- 
portant features of structure and life 
history of, 382; reproduction in, 378 ; 
structure of mature plant of, 379 
Funaiia (moss), 482; archegonia and 
antheridia of, 483, 484 , 486 , 486 ; 
germination of spores and develop- 
ment of garnetophyle of, 482; hygro- 
vietricn, 484; life cycle of, 490, 491 ; 
protonema of, 482; sporophyte of, 
485, 487 , 488 , 489 
Functions of cell, 64 
Fungi, 347, 388 
Funiculus, 232 , 239, 241 , 284 

G 

Galactose, 299 

Gametangium, 346; of fern, 601 , 502; 
of Funaria, 483; of Marchmitia, 475; 
of Ociiog(mium, 365, 366; of Rhizu- 
jnis, 418; of Birria, 466 
Gamete, definition of, 345; see also 
Sperm, egg cell 

Gametophyte, of Bryophyta, 465; of 
corn, female, stages in development 
of, 663 ; of Eqnisvlum, 620 , 621 ; of 
fern, 600 , 601 , 604 ; of Funaria, 484; 
of Marchavtia, 474 ; of Pinus, 542. 
647 , 548, 621 ; of Riccia, 466; of 
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Selaginella, female, 625 , 626 ; of 
Selaginella, male, 526 ; of wheat, fe- 
male, 564; of wheat, male, 562; 
Garden cress {Lcpixiium) , seedling of, 
showing root hail’s, 166 
Garden pea: cell from root, of, showing 
chrondriosornes, 67 ; compound leaf 
of, 186 ; tendril of, 34 
Gasterornycetea (puff-balls), 453, 458, 
461 , 462 

G easier, 458, 462 
Gel, 51 

Gemmae, reproduction by, in Mar- 
chantia, 467, 475, 476 
Gemmae cups in Marchantia, 476 
Gene, 598 

General infection of smuts, 438 
Generative cell of pine, 546. 647 
Generative nucelus, 158, 163 ; of Lilium 
microspore, 662 ; of Pimis, 647 
Genotype, 605 
Genus, 14 

Geotropism, 36 , 37 , 41 
Geranium, glandular hair of, 196 
Germination: of bean, 306 ; of conidi- 
ospores of blue or gre('n mold, 430 ; 
of pine microsporcs, 647 ; of pollen 
grain, 280; of Selaginella, 527, 528; 
of wheat, 302; of zygote of Oedo- 
gonium, 366 ; of zygote of Phizopus, 
418; of zj’gote of Sfnrogyra, 360 
Germination of seed : conditions neces- 
sary for, 296; definition, 296; de- 
layed, 304; evolution of carbon di- 
oxide in, 301 ; loss of weight during, 
300; process of, 297; stages in, 302 , 
306 

Germ tube, 346 

Giant cactus (a xcrophytic plant), 318 
Gill fungi : kinds of, 455 ; stages in de- 
velopment of, 454 
Gills, 453, 454, 455 
Ginkgoales, 554, 555 
Ginkgo hiloha, 556, 557 
Girdling of stems, effect on fniit pro- 
duction, 140 
Gladiolus, corm of, 150 
Glasswort {Salicormo), fleshy storage 
stems of, 141 

Gleditsia (honey locust), spines of, 151 


Globoid, in endosperm cell of castor- 
oil plant, 289 
Gloeocapsa, 349 

Gloxinia, adventitious roots from 
leaves, 154 

Glucos(', product of photosynthesis, 213 

Gill cosides, 216 

Glumes, 261 . 262 

Gluten of wheat grain, 292 

Gnetales, 555, 557 

Gnctuvi, 557 

Gossypiurn, flower of, 248 
Grafting, pro])agation by means of, 28, 
143, 144 

Grain, 272; of corn, 280 , 293 ; of wheat, 
285 , 291 

Grai>e : a liana, 27; downy mil- 

dew of, 414 , 416 ; mixed bud of, 30; 
tendrils of, 41 
Grape sugar, see Glucose 
Grass flower, structure of, 250 
Grass seed, 290 

Gravity as an environmental factor, 
see G(‘otropism 
Green algai', 352-372 
Grew, NelK'iniidi, 62 
Ground cherry iPhysalis), fruit of, 294 
Ground nuTistein, 109, 102 
Growing l)OIn^ 93 ; of Capsella, 233 ; 
of root, 158, 169 ; of st(‘rn, 93 , 94 ; of 
stem of Selafpmlla, 627 ; of wheat, 
568, 670 

Growth : and seed germination, 302 ; 
apical, 133; intercalary, 133; medium 
of stems, 146; of h'aves, ISO; of roots. 
158; of seedlings, 301; of stems, 93- 
95; primary, 110; regions of stem, 
93; secondary, 110 
Guard cells, 85, 190 , 192, 194 
(hittation, 220 

Gymnospermae, 96, 536; and angio- 
sperms, important points of contrast 
between, 573; stems of, 98 

H 

Hairs, epidermal, 190 , 196 

llakea suave ole ns, depressed stoma of 

194 

Halophytes, 319 
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Haploid nuinbrr of chromosomos, 385, 
508, 512, 5(52, 564 
^‘Hardenirip;” of transplants, 311 
‘Hard” seeds, 305 

Haijstona: of Albugo Candida, 410 ; of 
Erysiphe gramini^, 427 ; of Pcrono- 
spora, 427 

Head, 262 , 254, 256 
Heartwood, 99, 114 , 123 
Hejit, an environniental factor, 309, 310 
HclianUiufi iubcroKut; (Jerusalem arti- 
choke), inflorescence and flowers of, 
252 

Ilclvi Ua miira (an ascomycole), sporo- 
yiliore of, 426 

Hemibasidiomycetes (smut fungi), 436 
IleiincelJiiIoses, 216, 287, 299 
ll cmizoiiia (a tar weed), secretion 
from glandular hairs, 198 
Ilejiaticac (liverworts), 405 
Herb, 27 

Herbaceous: dicotyledonous plants, stems 
of, 96; monocot yledonous stems, 128 
lIiTcdity: and environment, 42; and | 
variation, 582 

lIcTmaphrodite flowers, 243 
llc'sjieridium, 272, 275 
lleteroauxiri, 143 
II(‘terocysts, 351 

Ileteroecism in Purcinia graniinis, 449 
ITeterogamele. definition of. 315 
Ileterophytic plants. 313. 347 
IleterophvI 1 C IhalopliA’ti'S, 317 
Heterosporous ferns, 500 
IleterosI vly. flowers of primrose, 260 
Hi'terothallic molds, 420 
IletiTozygous, 599, 601 
Hcvca binsdicnsis (a rubber-producing 
plant), 143 
Hiliiin, 296 

IIlstolog^^ 5; of flower ]»ails, 334 
llohlfast in Tlolhrix, 354, 356 
Homologous chroino.soines, 597 
Hoinothallic molds, 420 
Homozygous, 598 

Honey locust ((7/cr///.svii) , s] lines of, 151 
Ilooke, Robert, 61 
Hop {Humulus) , a liana, 27 
IJnrdcum sativum, (barley), longitudi- 
nal siH'tion of tip of root, 169 


Hormogonia, 361 
Hormone, 40, 143 

Horse bean {Vida faha), primary ropt 
of, cross section, 168 
Horse chestnut (Aescidus), opposite 
buds of, 30 

Horsetails (Equisetineae), general 
characteristics, 516 
Horticulture, 6 

Host, 388, 412 , 414, 426, 444, 460 , 461, 468 
Huckleberry {Vaccinum) , epig>mous 
flowiT of, 247 

Humidity of atmosiihere. as affecting 
transpiration rate, 220, relative, 315 
Ilumulus (hop), a liana, 27 
Humus, SVC Soil 
Hybrids. 596 
Hydathode, 220, 221 
llydnum (a tooth fungus), 458 
Hydration, 51 
Hydrogen, 48, 49, 50, 326 
Hydrolysis, 394; of fats, 395 
Hvdrophyte.s, 318, 319 
Hydropteriales, .see Water fern 
Hydrotropi.sm. 39, 41 
Hymenium, 424, 437 , 452, 456 
HyiiK'HOinycetes, 455 IT. 

Ilvphae, 406, 408, 410. 412 , 415, 416, 
419, 421, 425, 437 , 440 , 444 , 417, 451 , 
454, 455, 458. 459 
Hypocotyl. 285, 306, 307 
Ilvpodm’inis of root, 160 
Hvpognv, 248 
Hypothesis, 1 

I 

Illumination, intensity of, as affecting 
photosynthesis, 214 
Imjierfect. flowTTS, 243 
Incipient nucleus, 348 
Inc.lusions, 47, 54, 58, 60 
Incomplete flower, 241 
Indchiscent fruit, 272, 2S0 
Indian banyan {Ficus ludica), aerial 
roots of, 177 

Indian corn, see Zea mays 
Indian pipe {Monotrupa) , 534 
Indusium of Poly podium sporangium 

607 
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Infection, modes of, in smuts, 438 
Inferior ovary, 660 

Inflorescence, 231; cymosc, 255, 266, 
257 ; principal kinds of, 262, 255, 266, 
257; racemose, 255, 266 
Inheritance: cell division, 597; chro- 
mosome theory, 684; nuclear division 
and, 597 

Inky cap {Copnnus sp.), 456 
Inorganic salts, absorption of, 173 
Insectivorous plants, 226, 228 
Insect pollination, 259 
Integuments, 239, 240 
Intercalary growth, 133 
Intercellular spaces, 86 
Interfacicular cambium, 104 
Intemode, 22, 31 
Intine, 266 

Invasion of bad-lands slopes by Rus- 
sian thistle, 330 
Iodine, 326 
Ions, 65 

Ipomoca hafoias (sweet i)otato), stor- 
age in, 25, 178 
Iiifi, showing rhizomes, 146 
Iron, 324 

Irregular flower, 245 
Isobilateral symmetry, 197, 200 
Isogamete, 345 
Isthmus in desmids, 362 

J 

Jacket ('('lls in Pin ns ^ 549 
Jansen, Zacharias, 61 
Japanese maidenhair liee, c Ginkgo 
biloba 

Jerusalem artichoke {Ih Uanthns lub( i- 
asw.s), inflorescence and flow^ers of, 

262 

Jimson we('d {Datum), capsule of, 271 
Johnson grass (Sorgkiun halcprnse), 
rhizome of, 148 

Joshua tree {Yucca bicvifoUa), 132 
Juglans (walnut); ciiLcrca, leaf ba-se of 
showing abscission layer, 203 ; h’lif of, 
186; regia, flowers and fruit of, 282; 
stone cells from shell of, 88 
JunipcT {Jun{pcrnJ<) , 537 
Jussieu de. Bernard and Anloim', 11 


K 

Keel, 246 
"Kt'lps,” 374 

Kernel: of corn, 293; of wheat affected 
with Title lid, 441, 443 
‘‘Key,” fruit, 272 

Key to principal types of ra(;emose in- 
florescences, 255 

Koch, pioneer bacteriologist, 392 

L 

Lactic acid fermentation, 393 
Lamarck, Jean de, 338, .‘^88, 690 
Lamella, middle, 62. 63, 86, 88 
I^amina, ISO 

Lnminana (a kelji), 374 
Land. in\asion of by plants, 3‘29 
Laiir (larch), 537 

Larkspur {Delphinium) , follicle, 271 
Latent buds, 30 
Lateral bud. 28 

Lateral conjugation in S])iro(/g}(i, 35S, 

369 

Latex, 142, 143, 216 

Lal}ii/}us (swei'l pea), flower of, 216; 

stipules of, 182, 225; tendiils of, 225 
Laws, natural, 1 

I.eaf: anatomy, 187, ff ; arrangement, 
31; aurich's in grass leaf, 187; axils, 
28; base, 180, 182; bifacil, 198. blade, 
ISO, 182; bud, 28, 93; capture of in- 
sects by, 220; compounds, 186; de- 
scribed, 180; diinori>hisin, 197, 198, 
efficiency of. in utilizing sun's ('luagy. 
211; einderinis, 187, 189, 192; extei- 
nal moriJiology of foliage, 187; fall, 
202; foliage, diagram of cro.ss section 
of ty})ical, 189; food storage, 225\ 
functions of, 25; gut tat ion, 220; in- 
sectivorous plants, 226, 227, 228, 229; 
ii'obi lateral, 198; jnvimile type of, 
197; lamina, 180; ligule in grass, 187; 
lobed, 185; margin, 185; in(‘soi)liyll. 
188; midrib, 189; mosaic, 181; i»eli- 
ole, 202 ; ])hysiology of, 203 ff; pri- 
maiy functions of, 25; primordia, 93; 
principal types of veaning in, 183; 
])rot.ection by. 221; respiration in 
223; scales, 29; scar, 29, 31, 33, 31; 
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simple, 184, 186; vspecial function per- 
formed by, 224; spine, 224 226; stip- 
ules, 180, 182, 184, 186, 226; stock, 
180; storage of water in, 225, 227; 
tendrils, 225; tissues in, 184, 186, 190, 
191, 192, 193, 194, 196; trace, 133, 
203; types of venation in, 183, 187, 
201; variations, 584; vascular bun- 
dles of, 1S7, 199, 200, 201 
Leaf curl of peach (Exoaticm) , 422 
Leaflet, 186 

]-.eaves: capture of insects by, 226, 227, 
228, 229; classification of, 181, 183, 
185, 186 

Legume, 172, 178; flower of, 299; tu- 
bercles on, 399 
Lemma of ojits, 251, 253 
Lenticf ls, 29, 31, 33, 34, 126 
L(‘pidiu)n (garden cnjss), seedling of, 
166 

L('pi(Jo(lcu(iro}i, 522, 607, 608 
L(‘ plain (a gill fungus), 467 
Leuco]ilasts, 65, 67 
Lamas, 27 

LicIhuis, 432, 433, 434, 437 
Life cy( !(', 43, of lilack stem rust, 444, 
446, of fern, 613; of moss, 491; of real 
algae, 385, of white j)in(' blister rust, 

453 

Liglil, 227; factor of environiiK'nt, 311; 
ml('nsit 3 ' as affecting transpiration, 
220, ])eicc])lion, region of, m millet 
s('('(llmg, 40; m c nluo Phototropism 
Lignification, 86 
Lignin, 86 

Jngulale flowers, 263, 264 
Tagule of glass le.af, 187; of Sclaqi^ 
nclla, embryo, 627 
Lilac, pow(l(‘iy mildew of, 427 
Lihunr anther of, 236; fertilization in, 
668, ovule of, 241; pollen grain of, 
662 

Limiting factor, 215 
Linin, 55 

Linnean species, 17 
LmnacMis, 11, 16 
Lipase, 299 

Idp cells of Polypodhim sporangium, 

608 

Liquidambar, stem of, 128 


Ldriodendron (tulip tree), stipules of, 
182 

Liverworts, 463, 465; leafy, 480 
Living matter, see Protoplasm 
Loculicidal dehiscence, 271, 272 
Lodging of grain, 42 
Lodicule (of grass flower), 261, 253 
Lcjngevity of seed, 303 
Loose smut: of barley, hyphae in tip, 
444; of oats, 442; of wheat, 443 
lAimen, 62, 53, 88 

Lupine; seedling of, reaction to grav- 
ity, 40, 41 ; tubercules of, 400 
Lycoperdon, 461 

Ly coper sicum, chromoplasts in cells of, 

66 

Lycopodineae, 522 
Lycopodium, 530, 531 
]-.ycopsida, 343 

M 

Macrorystis (a kelp), 372, 374 
Madia, secretion from glandular hairs. 
198 

Magnesium, 325 
Maiden-hair fcTii, 516 
Male gametangia, 346; of fern, 601; of 
Fiuuiria, 482 

Male nuclei: in pine, 647; in wheat, 
666 , 567 
Malic acid, 216 
Mallow, hairs of, 196 
Malpighi. Marcello, pioneer plant anat- 
omist, 62 
Maltose, 299 

Malvastrum, epidermal hairs of, 196 
Manganc'se, 326 

Man, scu'ds and fruits distributed by. 
296 

Mannose, 299 

Manufacture of carbohydrate foods, 
25; see also Photosynthesis 
Maple (Acer): buds of, 30; fruits of, 
271, 294; leaf of, 186; wood of, in 
section, 120 

Marchantia, 473; antheridia and arche- 
gonia of, 475; antheridial disc of, 
477; archegonial receptacle of, 478; 
comparison with Riccia, 479; devel- 
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opment of gametophyte of, 479; 
elaters and spores of, 479; female 
gametophyte of, 476; gametophyte 
of, 473 ; germination of spores of, 
479; male gametophyte of, 476; re- 
production by gemmae, 474, 477; 
sporophyte of, 475, 478 
Margin of leaf, 185 
Marsilia, 514 

Materials: absorbed by green plants, 
323; and ema'gy, transformation of, 
7, 205, 323, 327; and ob.)('cls. 7 
Matter, 7; and energy, 7; states of, 8 
Maturity of seeds, 303 
Maximum temperature for germina- 
tion, 297 

Mechanical tissue, 85, 86, 87 
Megasporangia te strobilus of pine, 537, 

538, 540 

Megasporangium: of Pine, 540. 642; of 
Selagiticlla, 523, 628; of wheat, 661 
Megaspore: of i)ine, 540, 642, 649; of 
Ptoridophyta, 515; of ScJagnK'Un, 
523, 624, 628; of wheat, 661. 663 
Mcgasporophylls : of pine, 537, 638, 
640; of wheat, 561 
Meiosis, 82, 84, 257, 611, 697, GIO 
Melilotuf^ (.sweet clover), tap root sy.«- 
tern of, 156 

Membranes: cytoplasmic, 54; nuclear, 
57 ; permeable and semi permeable. 
67 

Mendel, Oregor Johann: rc.sults of, ex- 
plained on ba.sis of chroino.some be- 
havior, 598; work of, 593. 698 
Mendelian inheritance, 593 
Mcrismo })('(! Id (a blue-green alga), 350 
Meristematic tissue, 83; see also Meri- 
stems 

Mcaistems, 99, 109; apical. 93, 99; in- 
tercalar}% 133; marginal in leaves, 
188; primary, 99, 101; secondary, 
see Interfascicular cambium, Phel- 
logen 

Mesemhryani hemum, w a t e r - s t o r a g e 
leaves of, 225 

Me.socarp, 270, 275, 278, 279 
Mesophyll, 188, 184; see oho Palisade 
parenchyma, Spongy parenchyma 
Mesophytes, 319 


Micrographia, facsimile reproduction 
from, 61, 62 

Micro-organisms in soil, see Bacteria 
Micropyle, 232, 239, 240, 241, 264, 278, 
284 

M icrosphacra, 427 

Microsporangiate strobih: of pine, 540, 
643; of SelagincUa, 523, 524; of 
wheat, 544 

Microsporangium: of pin(', 540, 643, 
646, 646; of Selagiiwlla, 523, 524, 628* 
of wheat, 560 

Microspore mother cells, 524, 542, 646, 
560, 664 

Miciosi)ore.‘^: of Lilimn, 662; of pine, 
543, 646, 646, 647 ; of Pteridophyta, 
515; of Silaginelhi, 523, 525, 526, 
628; of wheat. 662; see also Pollen 
Microsporophylls: of Pdius, 645; of 
ScIagiNvlla, 523, 628 
Middle lamella, 62, 63, 88 
Mildews: downy, 412; powdery, 426 
Milkweed (Asclcpias) : latex in, 142; 
seed of, 294 

Millet (Sdaria), seedling of, reaction 
to light, 40 

Mininuiin temperature, 297 
Mistletoe (T /srutn and Phoradoidrori) , 
634, 636 
Mitosis, 79, 81 
Mixed buds, 29, 30 
Mixtures, 50. 51 
Modifications, 586 

Moisture as en\ ironiiK'ntal factor, 314, 
315, 316 ff. 

Molds, blue and green. 428 
Molecules, 10, 50 

Monocotyledons, 90, 581; and dicotyh'- 
dons, di.stinctions betwcMm. 581; 
structure of stem, 129, 130, 131 
Monohybrid cross, 602 
Monotropa, 534 

Morning glory, wild {Convolvulus) ^ 
rhizome of, 148 
Morphine, an alkaloid, 216 
Morphologv, 5; of leaf, 180 
Morns (mulberry): fnnt of, 273, 
mixed bud of, 29 
Mosaic, 181, 182 
Mosses, 482 
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Mountain dogwood, '‘flower” of, 254 
Motile cells, see Gamete, iSperin 
Movement: of water and salts in stem, 
134-140; of water in soil, 172 
Movement of plants, 35, 39; aiito- 
noiriio, 37; nastic, 38; of orientation, 
39, 40; paratonic, 37; tactic, 39 
Mucilage, 142 
Mucorah^s, 407 

MveJilctibackia platyphylla, stems of, 
153 

Mulberry (Morus): fruit of, 271, 273; 

mixed buds of, 29 
Multiple fruits, 271, 273, 274 
Miisci, 482 ff. 

Mushrooms, 466 , 467 
Mustard {Brassira ) : geotropic and 
plioto1roi)ic curvature of seedling, 
35 , 39 ; silique of, 271 
Mutants, bud. 685 , 587 
Mutation, 586, 593; theory of evolu- 
tion, 593 

Mycelium (collective term for hyphae 
of a fungus), 410, 412, 415, 419 , 420, 
424 , 440, 444, 445, 454 
Myomycetes, 404, 22 
Myxophyceae, 348 ff. 

N 

Naked buds, 29 
Naming of jilaiits, 16 
Nastic moveiiK'iits, 38 , 40 
Nasturtium {T)np(i('(^lum) , petiole as 
tendril in, 226 
Natural laws, 1 

Natural selection, Darwin’s theory of, 
590 

Kavtcula (a diatom), 371 
Neck canal cells, 467, 470 , 484, 486 , 
502 

Neck of archegonium, 453, 470 , 471 , 
484, 486 

Nectary, 232 , 234 

NcprnUu's (an insectivorous plant), 
226, 228 

N cpJirodiuni (a f('rn), nuch’i from the 
gametophyte and s])orophyte of. 612 
Nc])h role pis cxaltata (Boston fern), 
series of various bud mutations in, 

685 , 587 


Nereocysils (a kelp), 374 
Net venation, 182 

Nicotiana (tobacco plant) : essential 
flower parts of, 233 ; secretion from 
glandular hairs of, 196; vfDssels from, 
89 ; iaharujn, phloem tissue from 
stem of, 90 

Nidulariaceae (bird's nest fungi), 460 
Nitrates, 326, 398 
Nitrification, 400 
NiirohacLerj 401 

Nitrogen, 324; cycle, 403 ; fixation, 297; 
fixation by bacteria living in free soil, 
398 

Nitrogenous foods, synthesis of, 25 
NitrosonKrnas (a bacterium), 401 
Node, 22, 31 

Nomenclature, binomial, 16 
Nosloe (a blue-green alga), 360 , 351, 
352 

Nucellus, 239 , 241 , 284, 291 
Nuclear dj\dsion, direct, 79 
Nuclear nuMubrane, 47, 54, 58 
Nuclear net. 47, 58 
Nuclear sap, 54 
Nucleolus, 54. 67 

Nucleus, 54, 57 ; discovery of, 63; di- 
viding, 79, 610 , 611 , fusion, 264; 
generative, 258; male and polar, 264; 
of pine ovule, 540, 548, 549 , 551 ; of 
wheat ovule, 549, 558, 564; of yeast, 
431 ; resting, 79 
Nut, 272, 281 , 282 
Nut grass, rhizome of, 148 
Xymphaca (a water lily), a hydrophi- 
tic plant, 319 

O 

Oak {Quercus) : bark of, 125; fruit of, 
282; leaf of, 185 ; mixed bud of, 29; 
wood of, 121 
Oat smut {Ustilago), 443 
Oats {Avcria) inflorescence, spikeleb 
and flower of, 251 
Obligate parasite, 388 
Obligate saprophyte, 388 
Ocher-spored gill fungi, 455 
Odor of flow’crs, 235 
Oedogomum, 353. 363; fertilization, 
364; gametangia in, 366 ; germination 
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of oospore of, 366 ; germination of 
zoospore of, 364 ; germination of zy- 
gote in, 364; production of dwarf 
male in, 365, 366 ; sexual reproduc- 
tion in, 364, 368, 369; significant 
facts in life history of, 366 
Oenothera (evening primrose), rosctlo 

in, 45 

Oils, essential, 142, 216 
Oil vacuole, 60 

Onion (Allium): bulb of, 25, 160 ; cells 
from tip of root of, 47 , 83 ; mildew, 
415 

Onoclca (sensitive fem), 501, 515; 
sperm of, 602 

Oogonial plant of kelps, 375 
Oogonium, 346; of Fucus, 380, 381 ; of 
Saprolcgnia, 410 
Oomycetes, 407 
Oospore, definition of, 346 
Open bundles, 129 
Operculum, 484 , 488 , 489 , 493 
Opposite buds, 30 
Opposite leaf arrangement, 29 
Optimum temperature, 310 
Opuntia (cactus), stems of, 153 
Orchids, 575, 579 
Order, 14, 15 
Organic acids, 49, 59 
Organic evolution, theory of, 338, 339 
Organic matter in soils, 172 
Organisms, 2, 4 
Organs, 21 ; and tissues, 20, 23 
Orientation, movements of, 39 
Origin and evolution: of flnwf'r pni'ts, 
232; of sex, 386; of species, Iheoiies 
as to, 588 
Orthogenesis, 589 

Oscillatoria (a blue-green alga), 361 

Osmosis, 67, 69 

Osmotic pressure, 69 

Osmunda (a fem), 515 

Ostiole, 379 , 380 

Ovary, 231, 232 

Ovulate cone, of conifers, sec Mega- 
sporangiate strobiliis of pine 
Ovule: development of, 258; of lily, 
241 ; of pine, 642 , 649 ; stages of de- 
velopment of, 239 , 240; types of at- 
tachment of, 239 


Oxalic acid, toxic to protoplasm, 60 
Oxalis (wood sorrel), 38 ; leaf of, 182 
Oxygen, 326; and germination, 297; 
and respiration, 76, 78; by-products 
of photosynthesis, 211, 213 ; in photo- 
synthesis, 74, 78, 205; liberation, 76, 
205 

P 

Palea, 253 

Paleobotany, 606-612 
Palet, 261 , 253 
J^ilisadc parenchyma, 47 , 198 
Palmately lobed leaf, 186 , 184 
Palmate venation, 184 
Palrnitin, a fat, 50 
Pampas, 171 

Panicle, 251, 262 , 266 , 257 
Fnpaver (i>op]\y), capsule of, 271 
Pappus, 262 , 254 
Parallel veining, 180 
Paraphys(\s, 380, 381 , 424 , 484, 486 , 487 
Parasite, definition, 388 
]\‘iratonic ino\em(‘nts, 37, 40 
Parenchyma, 86 , 88, 90 , 102 , 103 , 108, 
109, 124 , 131 , 161 , 198 , 199 , 201 ; pali- 
sade, 86 , 102, 198; sjiongy, 198, 199 
Parietal plucentation, 238 
Pntmelia p< rlula (a lich(ai), 423 
J’arsnip (Pant tnacn saliva), fiuit of, a 
legume or pod, 271 

Pea (Pisinn sativum), fruit, of, a le- 
gume or ])od, 271 

Pear (Pyrus): ad\ entitious roots from 
stem cuttings, 1.54; fruit affected by 
fire blight, 394 ; simple h'af of, 184 
l*('at moss (Sphagnum) , 492 
Pectin, 52 
Pectose, 52 

Pedicel, definition of, 231 
Peduncle, definition of, 231 
Pdagophyrus (a kelp), 375 
Pelargonium (geranium), glandular 
hairs of, 196 

Pellionia, starch-storing ci'lI of, 66 
VeniciUium (eommon blue; mold), 429, 
430 ; camemberti, 431; roquejorti 
431 

Pepo, 272, 276 

Pr*r»fn«n« 90Q 
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Peptids, 395 

Peptones, 299 

Perennial, 44 

Perfect flower, 243 

Perianth, 231, 242 

Pericarp, 270, 2S4, 291 

Pericycle, 99, 102 , 103 , 104 , 160 , 161 

Periderm, 203 

Peridium, 405, 45S 

Perigyny, 248 

Periniiim of spore wall, of Eqiikcturn, 
518 

Perisperm, 283 
Peristome, 490 
Peritheeium, 423, 428, 429 
P(‘rmancnt willing, 173 
P(‘rmeability of iiK'iiibranes, 67 
Peronospoiaceae, 407, 414, 415 
Poronosporales, 407, 414, 415 
Pcwnospora schlcidmiaiin (onion mil- 
dew), 415; haiistona of, 427 
Petals, 231, 234; color of. 235 
Petiole, LSI, 202 ; anatomy of, 202 
Pcziza (a saprophytic ascomvcete), 
423, 424, 426 

Phaeophyeeae (brown algae), 372 
starch grains of, 286 
Phallaceae (stink horn), 459 
PJiascolus (scarlet runner bean) : ex- 
ample of liana, 27; Iiinafus, starch 
grains of. 287 ; root tubercles in, 399 ; 
stages in germination of, 306 ; vul- 
garlfi. seed of, 286 
Phelloderm, 112 

Phellogeii, 113, 126 ; in root, 168 , 169 
Phenotype, 605 

PJih'um pralcnsc (timothy grass), lig- 
iile of leaf, 1S6 

Phloem, 8S, 90 , 99, 102 , 103 , 160 , 161 ; 
parenchyma, 90, 102 ; ray, 112; tissue 
eleiiKMits of, 90 
PJioindcndron (mistletoe), 634 
Phosphates, 324 
Phosphorus, 324 

Photosynthesis, 25, 74, 78, 203; and 
H'spiration contrasted, 78; by-prod- 
ucts of, 211; conditions influencing 
rate of, 214; course of, 214; end 
products of, 213; energy factor in, 
205, 207; functions of chlorophyll in. 


209; necessity for light in, 205; rate 
of carbohydrate production in, 214; 
raw materials in, 204; utilization of 
product of, 215 
Phototropism, 41 
Phycocyanin, 34 S 
Phycoerythrin, 383 
J^hycomycetes, 406; summary, 421 
Phyllactmia, 427 
Phylloxera y 322 

Physalis (ground cheriy), fruit of, 

294 

Physiology: of cell, 64-81; plant, 5, 6 
Phyiclrphas (South American palm), 
283 

Phytobenthon, 347 

Phytophthoia vifrstans (causing late 
blight of potato), 412 
Phytoplankton, 347 
J'lcea (spniccs), 537 
Pigments, 55, 56, 216; accessory, 348; 

anthocyaniii, 59 
Pileus, 454 
Pdahiria, 515 

Pimpernel (Anagalli^) , sessile leaves of, 

180 

Ihneapple, fniit of, 274 
Pines: excurreiit tyj^e of branching in, 
24 ; seed of, 294 , 552, 653 , 554 
Pine wood, diagrams showing structure 

of, 118 

Pinna of fern leaf, 506 
Pinnately lobed leaf, 185 , 186 
Pinnate venation, 182 
Piuuh: development of female and 
male gametophytes of, 548; fertiliza- 
tion of, 551 ; formation of embryo of, 
551 ; germination of microspores and 
development of male gametophyte 
of, 544, 647 ; lamherliana, 638 , 641 ; 
ImiciOy 544; leaf of in cross section, 
639 ; life history of, 537; megaspo- 
rangium and megaspores of, 642 , 543, 
649 ; megasporophylls of, 638 , 539, 
641 , 642 ; microsporangium and 

microspores of, 543, 646 , 646 , 647 ; 
microsporophylls of, 638 , 540, 544 , 
646 ; ovule of, 642 , 649 ; pollination 
of, 546; radiata, megasporangiate 
strobili of, 640 ; seed of, 294 , 642 ; 
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strobiliiis of, 537, 638 , 640 ; strobus, 
resin canals in stem of, 142 ; sum- 
mary of principal features of life his- 
tory of, 553; sylvcslris, absence of 
root hairs in, 166 

Pistil, 231, 232, 236; compound, 236 ; 
simple, 236 

Pistillate flower, 242 , 243 
Pisum sativum (pea) : cell from root 
showing chondriosomes, 67 ; com- 
pound leaf of, 186 ; pod of, 271 ; ten- 
dril of, 35 

Pit, bordered, 108 , 118 , 119 
Pitcher plant, 226, 228 
Pith, 98, 99, 102 , 103 , 104 , 123 ; ray, 99, 
102 , 103 , 106 , 112 
Pitted vessel, 89, 106, 107 
Placenta, 238 , 284 
Placentation, types of, 237 , 238 
Plankton, 347 

Plant: anatomy, 5; association, 328; 
bodies, different kinds, 21, 22; body, 
20, 21; body of seed plants, 20-46; 
community, 328, 330, 333, 334; dis- 
eases, 380, 410, 412, 421, 428, 436, 440; 
ecology, 6; individual, 20; invasion, 
329; kingdom, 15; morphology, 5. 
movements, 35, 39; pathology, 6, 
physiology, 5, 6; relationship, mean- 
ing of, 337; succession, 330 
Plants: and animals, differences be- 
tween, 3; classification of, 10, 340, 
342; fossil, 606; gretm, materials ab- 
sorbed b)'' and changes which they 
undergo, 323; gi’oups of, 11; naming 
of, 16; origin and meaning of scien- 
tific names of, 18 
Plasm odesma, 62 , 53 
Plasmodium, 405, 406 
Plasmolysis, 72 , 73 

Planmopaia cuhrtifiis (a downy mil- 
dew), 414; vdicola, 414 , 416 
Plastids, kinds of, 54 
Plat anus (sycamore): bark of, 125; 
bud of, 182 ; cross section of sfean, 
128 

Plato, 10 

Plum {Prunus) : flower buds of, 30 ; 

leaf of, 186 ; lenticels in, 126 
Plumule, 285, 306 , 307 


Pod, a kind of fruit (legume), 271 , 272, 
278 

Podosphacra (a powdery mildew), 428 
Polar nuclei. 232 , 258, 264, 266, 563, 565, 

666 , 667 

Pollen (grains), 262; development of, 
ill pine, 550; development of, in 
wheat, 565; forms and markings of, 
261 ; germination of, 263; of corn, 
565; of grass flowers, 553; of Z/iVmm, 
562; toxic, 262 
Pollen sacs, 323, 235 
Pollen tube: formation of, 563; of 
corn, 666 ; of pine, 647 , 650 , 551; of 
W’heat, 563, 565, 667 
Pollination, 259, 565; by insects, 259; 
by wind, 259; cross-, 259; in pine, 
546; self-, 259, 260 
Poly pept ids, 395 

Polypodiutn , 484-516; antheridium of, 
602 ; dehiscence of siiorangia, 608 , 
513; fertilization and ('mbr>’o dc'vel- 
opment of, 602 ; gam(4oi)hyte of, 
600 ; leaf of, 506; life cycle, diagiarn 
of, 613 ; life history of, 613 ; reduc- 
tion division in, 509-512; ihizorne of, 
504, 606 , 606 ; root of, 506; sj)orangia 
of, 607 , 608 , 609 , 617 ; sj)oies of, 500, 
608 

Polyj>u}us squaniosus, fruiting body of, 
455, 469 

Pi)lystj)h<ntia (a n'd alga), 383 , 461; 

life hi>tory, diagram, 384 , 385 
I*()Iyslichum (Chiistmas f(‘rn), 499 , 517 
J^mie, 272, 277, 279 
Pond scums, 357; see also ^phogyra 
Poppy (Pnyxoa /), cai)sul(‘ of, 271 
Pujmlus (cottonwood): scad of, 294 ; 

stem of, 29 , 33; “suckers,” in, 179 
Porcupine grass (Stipa), fruit of, 294 
Pore fungi, 458 

Porclla (a leafy liverwort), 480 
Poricidal dehiscenci', 271 , 272 
Pnrtulaca, fleshy storage st.ems of, 

141 

Poslehia (sea palm), 374, 376 
PutamogeUm (a water plant), 146 
Potassium, 325 

Potato {Solanum tuberosum) : flower 
and fruit of, 249 ; leaf of in cross sec- 
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tion, 190; starch in tuber of, 287; 
tuber of, 25, 148, 149; vascular sys- 
tem of stem, 134; vine, petiole as 
tendril, 151 
Potometer, 218 
Powdery mildews, 426, 427 
Precipitation, 314, 315 
Primary; cortex, 99, 102, 109; growth 
of dicotyledon stem, 99, 108; meri- 
stems, 99, 102; permanent tissues, 99, 
101, 108; phloem, 109; roots, 154, 
157; root system, 157; xylem, 105, 
108 

l^nmordia of flower parts, 233 
Primordium of h^af, 93 
Primrose {Primula), showing hetero- 
styly, 260 

Primula shicnsis (Chinese primrose), 
leaf of, showing hydalhode, 221 
Ih'ocambium, 99, 109, 162; cylinder, 99, 
104; strands, 99, 103, 105 
Proembryo: of pine, 653; of wheat, 
568; of Z aw la, 557 
Progressive evolution, 339 
Promeristem, 99, 109 
Promyeelium; in rust, 449, 451; in 
smuts, 438 

Propagation: by nii'ans of roots, 179; 

by moans of stems, 143 
Prophase, 610, 611 
Prop roots, 154, 175 
Proteases, a cla>s of enzj'mes, 299 
Protection, a function of Icaives, 224 
Piotein fei nuaitation, 394 
Proteins, 216, 2SG, 2S7, 299, 394; chem- 
ical nature of, 50; foods stored in 
seeds of, 286, 289 
Proteoses, 395 
Ihothalhum, 499, 601, 604 
Protobasidiomycetes, 422, 440 
J*} olococrus (a green alga), 352, 353 
Protoderm, 99, 109, 162 
ProtoiK'ina, 482 

Jh-oloplasni: of animals and plants, 4, 
79; of cell, 47; discovery of. 63; 
doctrine of, 63 
Protoplast, 49, 50, 53, 54 
Pnoius (plum): amygdahis, fruit of, 
278; ccrasia^, flower of, 249; leaf of, 
185; lenticels of, 126 


Psalliota (a gill fungus), spore dis- 
charge in, 467 

Pseudomonas radicicola (a nitrogen 
fixing bacteria), 398, 399 
Pseudopodium, 406, 493 
Pscadoisuya (Douglas fir), 115 
Psilopsida, 343 
Pteridophyta, 497, 530 
Pteiis aquilina, 516, 617 
Pteropsida, 343 

Ptcrosiphonia (a red alga), 383 
Puccinia (a nist) ; asparagi, 446, 448, 
449; graminis, 444, 446, 449 
Puff-balls (Gasterom 3 ^cetes), 458, 461, 
462 

Pumpkin, see Cucurhita pepo 
Pure line: of Defiance wheat, 603; of 
Gypsy wheat, 600 
Pure science, 5 
Pure substances, 10 

Purslane (Portulaca), fleshy storage 
stems, 141 
Putrefaction, 394 
Pyrenoid, 357, 362 
Pyronema (a sac fungus), 425 
Pyrus (pear) : ad\ entitious roots from 
stem cuttingvS, 154; fruit of, affected 
by fire blight, 394 
Pythium (a water mold), 407 

Q 

Quack-grass {Agropyron. rrpcris), rhi- 
zome of, 148 

Quadrant stage of embrj'o develop- 
ment in fei n, 503 
Quarter-sawed wood, 123 
Qucrcus (oak); acorn of, 281; bark of, 
125; bud of, 29; leaf of, 186; rubra, 
sections of wood, 121; suber, cross 
section of young tree, 125 
Quinine, 216 

R 

Rneeine, 255, 266 
Kachilla, 261, 252 

Rachis, 185, 252; of fern leaf, 506; of 
grass spikelet, 250, 261, 252; of leaf, 
185 

Radial symmetry, 246 
Radicle, 285, 307 
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Rafflcsia arnoldiiy 36 

Ramalina (a lichen), 435 

Ranunculus, root of in cross section, 

160 , 161 

Raphe, 2S4, 286 , 290 
Raphides, 60 

Raspberry {Rubus), aggregate fniit, 
271 ; flower of, 247 

Raw materials: conduction of, 69, 134, 
170, 173; for food manufacture, 65, 
173, 204 

Ray: flowers, 262 , 263 ; phloem, 112; 
pith, 99, 103 , 112; wood, 99, 112; 
xylem, 99, 112 
Reaction, 37; chemical, 49 
Receptacle: definition of, 231, 232; of 
Marchantia, 477 , 478 
Recessive characters, 596, 601 
Red algae, 3S2 

Red oak, sections of wood of, 121 
Red Sea, alga causing color of, 348 
Red “Snow” {Spfiaerella, an alga), 21 
Red spore stage of Puccinia graminis, 
444, 445, 446, 448 , 450 
Reduction division: in algae, 346; in 
angiospeirns, 661 , 662 , 573, 697 ; in 
Fucus, 380; in Funana, 487, 490; in 
Ocdogoniiun, 364, 367; in Pinas, 543, 
553, 554; in Polypodiuvi, 508, 611 , 
515; in Ricria, 469, 457; in Selagi- 
nclla, 524, 529; in Spirugyra, 360, 361 
Redwood, see Sequoia sempervirens 
Region: of elongation in roots, 162; of 
maturation in roots, 160, 162; of root 
hairs, 158, 169 , 162, 163 
Regional successions, 331 
Regular flower, 245 

Reindeer “moss” (Cladonia), a lichen, 
433 

Relation of plants to environment, 
30^334 

Relative humidity, 314 
Reproduction: asexual, 344, 345; by 
flowers, 257, 266; by gemmae, 475, 
476 ; by roots, 179; by spores, 345; 
by stems, 143; in Thallophytes, a 
summary of methods, 346; sexual, 
345 

Reproductive activities, 20 
Reproductive functions, 22 


Resin, 142, 216 
Resin duct, 142 

Respiration, 20, 76, 78, 300; and photo- 
synthesis, contrasted, 78; and seed 
germination, 297, 300, 301; apparatus 
to demonstrate evolution of carbon 
dioxide, 301; in leaves, 223; of bac- 
teria, see Fermc'ntntioii 
“Retting” of flax, 393 
Rhizoids: of Anthoceros, 480 ; of 
BiyupJiyta, 465; of Equisetum, 621 ; 
of Marchantia, 473, 476 , 478 ; of 
PoJypodium, 500, 601 , 514; of Riccia, 
468 ; of Sclaginella, 626 
Rhizome, 146, 147 , 148; of Equisetum, 
618 ; of Iris, 146 ; of Poly podium, 
604 ; of quack-grass, MS 
Rhizophores, 523, 628 
Rhizopus nigricans (bread mold), 415, 
416 , 417 , 418 , 419 , 420 , 421 
Rhododendron, longitudinal section of 
terminal bud, 94 

Rhodophyceae (red alga(‘), 382; alter- 
nation of generations in, 384; dis- 
tribution of, 383; reproduction in, 
383 

Riccia (a liverwort), 466; antheridium 
of, 467, 469 ; fertilization in, 467; 
469 ; fertilization in, 467; fluitnns, 
466; gametangia of, 466; ganieto- 
phyte of, 466; gi^rmination of spores 
m, 469; life cyi'le of, 471, 472 ; sjiore 
formation in, 469; sporophytf) of, 
469; successue early stages m de- 
velopment of, 470; thalliis of, 468 
Ricciocarpus natans (a liverwort), 466 
Ricinus communis (c-astor-oil plant) : 
seed of, 289 , 290 ; stages in germina- 
tion of wnd of, 307 

Ringing of stems, effect on food con- 
duction, 140 

Ring on stipe of mushroom, 455 
Rise of sap, see Ascent of sap 
Robinia pscudacacia (black locust), 
stipular sinnes of, 183, 226 ; suckers 
in, 179; tyloses in, 124 
Role of chemical elements, 218, 221 
Root, 22, 154; anatomy of, 161; 

branching, 166 , 167 ; cap, 158, 169 ; 
cross section of Alnus, 170 ; diagram 
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of, showing stages in secondary in- 
crease in thickness, 168 ; hairs, 162, 
163 , 173 ; hair zone, 164; of banyan, 
177 ; of barley, in sections, 169 ; 
origin of branch, 166 , 167 ; pressure, 
135 , 136; regions of, 15S-160; sugar 
iK-et, 170 ; stru(;ture of, 158; tip, 158, 
160; young, diagram showing prin- 
cipal regions, 169 

Itoots: anchorage by, 177; and stems, 
differences between, 154; conduction 
by, 174; external features of, 158; 
functions of, 25, 170; growth in 

diameter of, 167; kinds of, 154; 
jaop, 154, 175; reproduction by, 179; 
secondary increase in thickness of, 
168, 169 ; storage, 178 
Rootstock: of Ina, 146 ; of Polypodiuyn, 
499 

Root system: extent of, 92; types of, 
154, 166 
Rosette, 45 

Rosin-wced {Silphium) , 142 
Rubber, 143, 216 

Pifbiu^ (blackberry): aggregate fruit of, 
271 , 273, mixed bud of, 29; rudi- 
mentary embryos, 305 
Ruinvx (dock), cell from leaf stalk 
showing crystals, 60 
Runner, 25. 163 

Ruficus, flattened green stems (dad- 
odes) of, 153 

Russian thistle {Sahola) : invasion of 
bad lands l)y, 330 ; water storage 
h’aves of, 225 
Rust fungi, 435, 440 
Rye (^Vca/^ ), cross section of stem of, 

131 

S 

Sarrharo7nyrcff (yeast), 431 
Sac fungi (Ascomycetes), 342 
Salicoruia (glasswort), fleshy storage 
stems of, 141 

Sahola (Ru&sinn thistle): invasion of 
bad lands by, 330; water storage 
leaves of, 225 

Salts, absorption of inorganic, 173 
Salvinia (a water fern), 616 
iSamaia, 272, 274 , 281 


Samhucus (elder), lenticels in, 128 ; 
stern of, 111 

Sand-binding plant {Ammophila aren^ 
aria), 176 

Sap: causes of ascent of, 136; nuclear, 
54; path of movement of, 135; 
tension in xylem, 175 
^aprolegnia, 407 ; antheridium of, 411 ; 
asexual reproduction in, 408, 409 ; 
oogonium of, 410 ; sexual reproduc- 
tion in, 409, 410 ; sporangia of, 408, 
409 

Saprolegniales, 407 
Saprophyte, definition of, 388 
Sapwood, 99, 114 , 123 
Sarcina (a bacterium), 390 
Sarcode, 63 

Sarcodes (Sierran snow plant), 534 
Sargasso Sea, 373, 377 
Sargassum (a brown alga), 373, 377 
iSarracmia (a pitcher plant), 226, 228 
Saxifrage, perigynous flower, 260 
Scalanform conjugation in Spirogyra, 
367 , 358 

“Scarifying” of seeds, 305 
Scarlet runner bean {RJiascolufi ) : ex- 
ample of liana, 27; root tubercles of, 

399 

Sccjiedc.^mus (a green alga), 363 
Scliizocarp, 272, 281 
Schizomycetes (fission fungi), 389 
Schleiden, 62, 63 
Schultze, Max, 63 
Schwann, Theodor, 62, 64 
Science, 1-5 
Scion, 145 
Sclerenchyma, 85 
Mcrotinia (a aic fungus), 423 
Scouring rush {E guise t urn) , 516 
Scutcllum, 292 

Sea fig {Mcscruhryanthcmum) , 225 
Sea lettuce {Vli'o), 22, 356 
Sea palm {Postchia), a kelp, 374, 376 
SccaZc ccrcale (rye), cross section of 
stem of, 131 

Secondary: growth, 110-114; meristems, 
see Interfascicular cambium, Phel- 
logen; phloem, 103, 109, 110 , 111 ; 
roots, 154; xylem, 05, 109, 110 , 111 
Secretions in plants, 216 
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Sections, three kinds of, 99 
Sedvm acre (stone crop) : flower of, 
241 ; water storage leaves of, 225 
Seedless fruits, 269 

Seedling. 305; infection in smuts, 438; 

seed plant, see Spermatopliyta 
Seeds: adaptations favoring dispersal 
by, 294 ; age of, 303; and fruits, com- 
mon types of, 271, 271 - 282 , 289-292; 
and fruits, dissemination of, 293, 294 , 
295, 296; and fruits, uses of, 282; 
bean, stages in germination of, 306 ; 
castor-oil plant, stages in germina- 
tion of, 307 ; coats, 283, 284; condi- 
tions affecting vitality of, 302; condi- 
tions necessary'’ for germination of, 
296; development of, 265, 281; 

dormancy of, 304; germination of. 
296; kinds of food stored in. 286, 
maturity of, 303; of grass, 290; of 
monocotyledons, wdth endosperm, 
291 , 292 ; of Phius, 552, 653 , of 
wheat, 569; principal steps in de- 
velopment of, 257-266, 283; processes 
during germination of, 296, 297 ; 
structure of, 282, 284; testing of, 304 
Segregation, 600 

Sclagmclla (a club moss) : develo}»- 
ment of spores of, 524; (mibryo of, 
627 ; female gametophyte of, 525 ; 
life history of, 523, 527, 529; male 
gamctopln^te of, 626 ; sporophyte of, 
523; strobilus and sporangia of, 523, 
transfer of microspores and fertiliza- 
tion of, 526 

Self-pollination, 260; prevention of, 
260 

Semi-cells, in desmids, 362 
Semipermeable membranes, 54, 67 , 69, 
70 , 71, 170, 172 
Sensitive fern (Onoclea), 515 
Sepals, 231 , 233 
Sejiticidal dehiscence, 271 , 272 
Sequoia, 537 ; cross section of log of, 
108 , 114 , 116 , 122 ; gigauLea, cross sec- 
tion of trunk, 116 ; sempervirens, 
forest of, frontispiece 
Sessile leaf, 180 

Seta : of Marchantia, 478 , 480 ; of moss, 

488 , 489 


Setaria (millet), seedling of, reaction 
to light, 40 

Sex, origin and evolution of, 386-387 
Sexual reproduction, definition of, 345 
Shade plants, 314 

“Shaggy mane” (Coprinus), a mush- 
room, 456 

Shasta daisy {ChrysanUicynmn) , flower 
heads of, 263 
Sheath of grass leaf, 187 
Shepherd’s purs(' {CnpscUa ) ; epidermal 
hairs of, 196 ; origin and develop- 
riH'nt of flower parts of, 233 ; rosette 
in, 45; skiges in d('\^(4oi)ment of 
embryo of, 264 

Shoot, 22, 92; and root systems, bal- 
ance l)('twe(m, 20; climbing. 27; d('- 
liciuescent, type of, 27; erect, 27; 
exciUTcnt tyi)0 of, 27 ; gtmeral ('X- 
ternal feature's of, 27 ; prostrate, 27 
Shrub, 27 

Sierran snow plant (SmcorJcs) , 63 
Sieve tube.s, 90 , 102 , 103 , 110 , 130 ; 

plate, 89 , 130 
Sigillaria, 522, 607, 608 
Silicon, 326 
Sihque, 271 . 280 
Silphium (rosin-weed), 142 
Siiiii^le fruits, 271, 272 
Simple l('af, 184 
Simple pi.'-til, 236 
Simple pits, 107, 108 
Sinigrin, a gluco.side', 216 
Sinuses of lea\ es, 184 
Slime fungi (Myxomycetes), 404 
Smut; fungi, 435, 456; of barh'V, 441; 
modes of infection, 438; of com, 436, 
438 , 439 , 446 ; of oats, 443 ; of wheat, 
442 

Sodium, a chemical element found in 
plants, 326 

Soil; air in, 319; conditions as affect- 
ing rate of transpiration, 220; ero.'^ion 
of, 176 ; fertility, bacteria in re'lation 
to, 297; soluU'S, quantity and nature 
of, 321; temperature, 321 
Sol, 51 

S(flanmn jasminoidcs, pc'tioles as ten- 
drils, 226 

Sokinam tuberosum: flower of, 249 ; 
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fruit of, 249 ; lofif of, in cross section, 
190 ; starch grains of, 287 ; tuber of, 
25, 149; vascular system of stem, 134 
Solar energy, uca Photosynthesis 
iSolnlo, 65, 69 

Solution, 50, 65; colloidal, 51; concen- 
tration of, 6S (footnote), true, 
50, 51 

Solvent, 65; jiassagc) of, through mem- 
branes, 67 
Soredium, 434, 437 

SorgJiujn lialcpctisc (Johnson grass), 
rhizome of, 148 

Sorus; of fcun, 607 ; of rust, 445, 449 
Spanish bayonet (Yvrrn whipplvi), 318 
Si)!inish n(‘('dl(\s, si'ed of, 294 
Sjiarfiurn (Sjianish broom), l(}av(‘S of, 
229 

^SSpawn,” 454 

Spc'cial creation, theory of, 12, 338 
Species, 14 

Spectra, absolution, 208 , 210 
Spectrum, efh'ctivenc'ss of diffeient 
jiaits of, 210 

Sp(‘rm : (h'finition of, 346; in red algae, 
3S5; nucl('i, 263 , of Onorlca, 502 
Spermagonial stagi* of Pucctnta [))am- 
inis, 445 

Siiermagoniiiin, 445 
Si»eriiaitia, 447 

S])eriiiato])hvta. 15; chu'f distinguish- 
ing characteristics of, 533; cla>ses of, 
536 

rJhi fnrahs (“led snow”), 21 
S/d/nero/Z/cce (a powder's' mild('w) 427 
,^/)ft(i(/inun (peat, mo^s), 492 , 493 
Sphenojisida, 343 

S])id(M’\vort Cr Hidi'scnut Kt) , cell from 
st('m of, showing raiJiuh's, 60 
Si)ik(\ 245, 266 , 256 
S])ikel('t, 250, 261 , 262 
Si)indle, nii(*lear, 80, 81 , 511 
Sjiines: leaf, 221, 226 ; protection by, 
224; stipular, 226 
S])iial tracheids, 89 
Sjnial ^ esst'ls, 89 , 102, 106 
i^jriiillinn form of bacteria, 391 
,<'piun‘hactc (a bacterium), 391 
Spirogyia, 363 . 367 , 369 , 360 ; germinat- 
ing zygospores of, 367 ; lateral con- 


jugation in, 359 ; reduction division 
in, 360 ; reproduction in, 358, 360 ; 
scalariform conjugation in, 360 
Spongy parenchyma, 199 , 200 
Sporangiophore, 416 
Sporaiigiuin : definition of, 345; of 
Equisctwm, 522; of Myxornycetes, 
405 ; of Polypodium, 607 , 608 , 609 ; of 
Wiizojms, 416 , 417 , 418 , 421 
Spores: asexual reprodiudion by, 345, 
346; diseharge of, in Basidiomycetes, 
449 ; formation of in bacteria, 391; 
formation of in Fiiuano, 487, 489, 
491; formation of in Riccia, 469; 
forms of in Puccuiia grmninh, 447 ; 
germination of in bacteria, 392; 
germination of in Riccia, 469 ; of 
Albugo, 412 ; of C>amophyceae, see 
Myxophyceae; of gill fungi, 455, 456. 
457 , 471; of Myxornyeeles, 406 ; of 
RolypoiUum, 500; of Rhizopvs, 418 ; 
of Riccia, 471 ; of Sclaginclla, 523, 
624 , 525; of smut, 440 
SiKiridiuiii, 436 

S]Km)caips of water fc'rns, 516 
Si)oiophore of jaiff ball, 461 , 462 
Sporophylls' of Equisct uni, 618 , 619 ; 
of Pm us, 537, 539. 642 . 546 ; of Poly- 
poduini, 607; of Sclaginclla, 521, 628 ; 
of Tnttcuin, 560, 561 
Si)orophvte; of AnlJioccros, 481 ; of 
Bryopl’.yta, 464; of Equisctum, 618 , 
520, 521 ; of F unaria, 484 ; of Ilepa- 
ticac, 465; of Maichantia, 475, 478 , 
479; of Pinws, 537; of Polypodium, 
603 , 504; of Riccia, 469-470; of 
SihiginrUa, 523, 528, 529; of Sphag- 
num, 493 ; of Triticum, 560 
S])ort, 577, see also Bud mutants 
Si)nng wood, 115, 118, 119 
Spiuces {Picca), 537 
Spurges (Euphorbia): as plants with 
latex, 142; stipular spines of, 182; 
storage in stems of, 141 
Squash (('ucuibila) : sieve tube and 
companion 'Cells from, 60 ; tendrils of, 
41 

Squirting tucumber (Ecballium), fruit 
of, 2S5 

St. Ililaire, theory of, 588 



660 


INDEX 


Stalk: cell in Fucus, 381; cell in pine, 
647 ; of fern sporangium, 607 , 508 
Stamens, 231, 232, 236 ; union of 
(synandry), 246 , 248 
Stamina te: flower, 242 , 243 ; strobili of 
pine, 537, 638 , 643 
Standard, 246 

Starch, 49, 56, 216; a food stored in 
seeds, 286; assimilation, 300; diges- 
tion of, by diastase, 298 ; grains from 
different seeds, 287 ; grains, inclusions, 
66 , 57, 60; reserve, 216; sheath, 102 ; 
storage in cell, 60, 286 
Stearin (a fat), 50 
Stele, 160 , 161 

Stem, 92-153; and root, principal dis- 
tinctions between, 22, 154; cross sec- 
tion of typical dicotyledonous, show- 
ing primary and secondary growth, 
100 , 111 ; diagram showing cross sec- 
tion of corn, 129 , 130 ; diagram show’- 
ing longitudinal and cross section of 
a ten -year-old, 117 ; diagram of 
tj^'pical conifer, 118 ; diagram of 
typical hardwood, 119 ; functions of, 
25, 134; grafting, 146 ; modifications, 
146; of clover, 127; of cottonwood, 
external view of, 29 ; of monocotyle- 
don, characteristic features of, 131 ; 
of rye in cross section, 131 ; origin of, 
92; storage in, 141; structure of 
growing point of, 99 ; tendrils, 151 ; 
tissues derived from primary meri- 
stems, 101, 108, 109 ; woody dicotyle- 
don-gymnosperm, secondary growth 
in, 110 

Stemoriitis (a slime fungus), 406 
Stems: anatomy of, at nodes, 133; and 
roots, different kinds of, 34; dicotyle- 
donous, types of, 128 , 129; growth 
and development of, 93; growth 
medium of, 146; monocotylodonous, 
characteristic features of, 131 ; struc- 
ture of 98-133; types of, 95, 128 , 129; 
woody, general external characters 
of, 33 

Sterigma, 435 
Stigma, 231, 232 
Stigmatic fluid, 236, 262 
Stimulus, 37-42 


Stink horns, 459 

Stinking smut of wheat (Tilletia), 441 
Stipe: in Fucus, 378; of kelps, 378 
Stipular spines of black locust, 226 
Stipule scar, 33 

Stipules: of pea, 182, 186 ; of pear leaf, 

184 

Stock, 146 

Stolon: of Rhizopus, 416, 417; of 
strawberry, 161 

Stomata, 190 , 192 , 193; average num- 
ber POT square millimeter, 222; con- 
trol of, by guard cells, 194 ; de- 
pressed, of JIakca, 194 ; diagram of, 
193 ; of pumpkin, 196 
Stone cells, 86. 87 

Stone crop {Sechnn acre ) ; flower of, 
241 ; wat(‘r-storage leaves of, 225 
Storage: in roots, 178; in seeds, of 
food, 286; in stems, 141; of food, 60, 
141, 168, 225, 286; of water in leaves, 
225 

Strasburger, 64 

Strawberry (Fraf/aria) ' aggn^gate fruit, 
276 ; runner of, 25, 151 
Sticlitztn, cells from, showing clirom- 
oplasts, 56 

Slrcptocorcus (a bacterium), 390 
Strobilus: of Equisetum, 522; of Phi us, 
537; of S('Iagf}iclln, 528 
Struggle for existence, 590 
Style, 231. 232 , 233, 236 
Subc'iin, 87 

Sub-stornatal air chamber, 192 
Subterran(>an stems, 146-150 
Successions, plant, 332 
Succulent plants, tyjies of, 225 
^•Suckers,” 179 
Su erase, 396 

Sucrose (cane sugar), 40, 214 
Sugar beet: jx'tioh* of in cross section, 
202 ; root of in cross section, 170 ; 
storage in, 25; tap root system of 

155 

Sugar i)ine, 538 , 541 

Sugars, 216; stored in vStchIs, 288 

Suljrhates, 324 

Sulphur, 324 

Summer wood, 118, 119 

Sundew {Droscra), leaf of, 226, 228 
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Sun plants, 314 

Sun’s energy, cfliciency of leaf in using, 

211 

Superior ovary, see Hypogyny 
Support, a func'lion of stems, 134 
‘‘Survival of the fittest,” 590 
Suspensor: cell in wheat embryo, 56cS, 
670 ; c('lls in pine, 662 , 663 ; of 
Rhizo'piis, 419 ; of Selaginella, 625 , 
627 ; of Zaniln, *556 

Sweet clove {Melllotus), tap root sys- 
tem of, 166 

Sweet pea {Lathyrus odoratus ) ; flower 
of, 246 ; tendril of, 226 
Sweet potato {Ipoinoca batatas), stor- 
age root of, 25, 178 

Symbiosis, 349, 399; of algae and 
fungus in lichens, 433; of Cyano- 
phyceae, see Myxophvceao, 349 
Symbiotic bacteria, niliogen fixation 
by, 398 

Symmetry of flower, 246 
Svrnrietaly, 246, 247 , 249 
Synaiidry, 248 
Syncarpy, 246, 247 
Svnconiiim. 274, 275 
Synechurystis (a blue-green alga), 349 
Synergic Is, 258. 266 
Synsepaly, 246, 247 , 249 
Syrinya luihiaris, cio'^s seclion of young 
l('a\'es, 188 

Sysfrma, Natiirnc, page from, 16 
Systematic botany, 5 

T 

Tactic movement .s, 39 
Tacinoph yllurn (an orchid), 229 
'^rannins. 112, 216 
Tapelum, 508, 609 , 668 , 669 
n\i]) root system, 156 . 156 , 157 
Taraxm ufii (daiidi'lion I truit of, 294 ; 
latex, 142. 143 

'^r.arwec'd {Madta and I f rniizoma) , s('- 
endions from glandular hair, 198 
Tassel (staminate inflorescence) of 
coni, 243 
Taxonomy, 5 
dVlia, 445 

3’elial stage', of Idister rust on currant 


leaf, 462 ; of Puccinia graminiSf 445, 

446 

Teliospores of Puccinia graminis, 445, 
446 , 448 

Temperature: a factor of environment, 
310; and seed germination, 297; as 
affecting photosynthesis, 214; of air, 
and transpiration rate, 220; of soil, 
309, 320 

Tendrils: leaf, 225; of sweet pea, 35; 

stem, 161 
Terminal bud, 28 
Testing of seed, 304 
Tetrads of spores: in Bryophyta, 
Pteridophyta, and Spermatophyta, 
465; in F unaria, 487, 491 ; in Pinus, 
647 , 553; in Polypodium, 509; in 
Riccia, 469, 471 

Tetraspores of red algae; 384, 385 
Thallophytes, 15, 344; autophytic, 347; 
characteristics of, 344; heterophytic, 
347 ; methods of reproduction in, 
344-347 

Thallus, 344; of Riccia, 467 , 468 
Thein, an alkiiloid, 216 
Theophrastus, 10 

Theori(Js as to origin of species, 588 
Theory: of active solute absorption, 
73; of constancy of species, 2; of 
evolution, 4; of natural selection, 
590; of organic, evolution, 338, 339; 
of special creation, 12, 338 
Thermotropism, 41 
Thigrnotropism, 41 

Thiospirillum (a sulphur oxidizing or- 
ganism), 391 

Tilia (basswood): mosaic of leaves of, 

181 

TiUandsda (Florida moss), 536 
TUlctia (stinking smut), 441 , 443 
''Idmothy {Pldcuni protrnsr), hgule of 
leaf of, 186, plants grown under dif- 
ferent lengths of day, 313 
Tissue: collenchyma, 85, 86 , 101 , 102, 
202 ; complementary, 126 ; complex 
88; conducting, 88 , 89 , 90 , 103 , 104 , 
106, 112. 130 , 168. 200 , 201; cork, 85, 
88 , 114, 126 , 168 , 169; mechanical, 85; 
meristematic, 81 ; origin and develop- 
ment of. 99, permanent. 81, 84; pri- 
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mary permanent, 99, 101, 108, 109; 
simple, 85; vascular, 103 
Toadstool, 454 

Tobacco iNicotiana): essential flower 
parts of, 233 ; flower of, 238 ; secre- 
tion from glandular hairs, 198 
Tomato {Lycopcrsicum csculrnlym) , 
cell from flesh of, showing chromo- 
plasts. 56 
Tooth fungi, 458 
Topographic successions, 331 
Torus, 107 

I’raclK'ids, 80, 103 , 106, 199 ; different 
kinds of, 89 , 106; in leaf, 199 
Tracheophyta, 343 

Tradcscanlm (.>])iderwor1 ), cell from 
stem of, sliowmg crystal inclusion, 

60 

Transformations of materials and 
energy, 7, 323 

Translocation of food and water in 
stem, SVC Transpiration stream 
Transpiration, 20, 25, 216, 217; condi- 
tions affecting rate of, 219; ciiticular, 
222; means of reducing, 223; photo- 
meter for measuring rale of 218 ; pull 
and water cohesion,. 137, 139 ; rate of, 
219; regulation of, by action of guard 
cells, 194; stomatal, 222; utility to 
plant, 217 

Transpiration stream, 219 
Tiees, 27; brandling of, 24 , 25, 27, 
felled, determining age of, 123; in 
winter condition, 33 
Trent opohlia (a green alga), 352 
T richocauloiif 13 
Trichoccrcus btidgesU, 13 
T rich ode sminm. erythraeum, 348 
Trichogyne, 383 , 384 
Trifolium (white clover), seedling of, 
165 ; stem of, 127 
Triticum, acc Wheat 
Tropaeolum (garden nasturtium), iie- 
tiole as tendril, 226 
Tropisms, 39, 40, 42 
Tube nucleus, 258, 263 
Tuber, 25, 149 
Tubular flowers, 254 
Tulip tree {Liriodendron) ^ stipules of, 
182 


Tumboa, 557 
Tundra, 171 
Turgor, 71, 197 

Turnip {Brassica): root system of, 
157 ; storage root of, 25 
Twig of cottonwood in winter condi- 
tion, 29 , 33 
Tyloses, 124 
Types of flowers, 240 

U 

limns (elm): bark of, 125; winged 
fruit of, 294 

llotinix (a gri‘('n alga), 354 , 355, sum- 
mary of points in re])roduction of, 
356; zonnta, 355 
Viva (sea lettuce), 22, 356 
Idiibel, 256 , 257 

I ncinula saIicL<i (a luiwdi'ry mildew), 
on willow leaf, 426 . 427 
Unicellular aquatic i)lant • diagram of, 
showing absoi i)ti()n of materials and 
energv, 76 ; diagram of, showing gas 
interchanged during K'sjiiratioii, 76 
Union of flower jaiits, 246 
U redin ia, 444 

Uredinial stagr’ of Puicitiia yramlius, 
444 

Urediniospor(\s in Puccinia giaini)ds, 
448 , 449 

Use and disuse. 5S8 

Vsnea (a lichen), 433. 434 

I sitUujo tnH'HfU' (l()()s(' smut), 443 ; 

lei'is, 443 , tut id, 442 , ZUK', 440 
I tnculorm (bladderwort ), an msc'cti- 
vorous plant, 35, 226, 229 

V 

T ncriidiim (huckh'berry) , epigynous 
flower of, 247 
Vacuoles, 47 , 54. .58, 59 
Valves of diatoms, 370 . 371 
Variation, and lau'C'dity, 582; kinds of, 
586 

Vascular bundi(* : of corn st em, 130 ; of 
dicotyledonous stem, cross section of, 
103 ; of leaf, 200 , 201 , 202 
Vascular cambium, 98 
Vascular rays, 112 
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Vascular tissue, 103 
\ auclicria (a green alga), 367; asexual 
reproduction of, 368 ; significant 
points in the reproduction of, 360; 
zoospore formation in, 367 
Vegetable ivory, 287 
Vegetative activities, 20 
Vegetative and reproductive functions, 
230 

Vegetative nuclei, 546, 647 
Vegetative structures vs. reproductive 
striK^tures as basis of classification. 12 
Veiiiiiig of leaves, principal types of, 

193 

Vein system of leaf, 199 , 200, 201 
Venation, 182 

Venter; of archegonium of Eqinsei um, 
621 ; of F tniana, 486 ; of Poly pod lu in , 
502; of Riccia, 470; of Selaginella, 
526; of Sph(i{rnnw, 493 
Ventral canal cell, 467 
^'entral sutur(\ 236 
Vi'iius’ fly trap (Dionaca 

an insi'ct ivorous plant, 226, 227 
V( ss('ls, 89. 102 , 103 , 106 , 106 , 107 ; d(- 
\elopment of, 106 , 106 
"V('stibule,” 194 
\'{hiio cJioIriac, 391 
Vi(‘in jaha (horse h('an) : primary root 
of, in cross seftion, 168 ; root system 
showing geotropic curvature, 36 , 37 
Violet {Viola), c;i))''i]le of, 271 
'N'l'^cum (a mistletoe), 535 
A’ltality of secals, condilions affecting. 
302 

Vilaiiiins, 216 

V///.S' (graiK') . a liana, 27; mixed bud 
of, 29 ; tendrils of, 42, 50 
Volva, 455 
\ on Mohl, 63 
Vries, de, 593 

W 

AVidnut (Juglaiis), flowers and fruit of, 
282 ; pinnately comi’iound h'af of, 186 
Wandering Jew {Zchriua), plasmolysis 
of ejiidermal cells of, 72 
AVater: absorption and germination. 
297; absorption of, 172; adaiitations 
favoring dispersal of seeds and fruits 


by, 295; available in the soil, a 
factor of the environment, 317; 
changes undergone in plant, 324 ; 
cohesion, 137; “felt,” 367; fern, 614 , 
616 ; fuiKitions of, in plant, 170; im- 
portance of, in life of plant, 170; 
lily, a hydrophytic plant, 319 ; mold, 
407 , 408; pores, see Hydathode; role 
of, in germination of seeds, 296; 
storage, in leaves, 225, 227 ; tissue, 
225; weed, 536 

AVater-lifting power of transpiring 
leaves, 139 

Wheat {Tilticum) \ anther of, sections 
of, 658 ; Dt'fiance, typical heads from 
sc’ven pure lines, 603 ; development 
of embryo sporophyte, 567; develop- 
iiK'nt of endosperm, 568; diagram of 
life cycle of, 672 ; embryo in longi- 
tudinal section, 292 , 670 ; embryo in 
various stages of di'velopment, 670 ; 
('lubryo sac, 564; female gameto- 
phyt(‘s, 564; fertilization, 567; fibrous 
root system of, 166 ; grain of, 286 , 
291 ; Gypsy, spnuiding and erect pure 
line, 600 ; life histoiy of, 559, 571; 
loose smut of, 428 ; mido gameto- 
phyte, 562; nu'gasiiorophylls and 
megasporangia, 561; micro.«poro- 
phylls and microsporoangia, 560; pol- 
lination and de^'elopment of pollen 
tube, 565; S('ed, 569; single spikelet 
of, 252 ; stages in germination of. 302 
AA'hite birch {Bctnln), lenticels of, 126 
AVhite clover {Tnfolinm) , seedling of, 
165 

AAdiite oak {Qitrrrns), acorn of, 281 
AAdiite pme blister rust {Crormrtium) , 
450; life cy(*le of, 453 
AAliite rust of crucifers (Albugo), 
zoospores formation and germinating 
zygote, 412 , 413 
AAdiite-spored gill fungi, 455 
Whorled buds, 30 
AA^horled leaf arrangement, 29 
AA^horls, meml'>ers of, difference in num^ 
ber of parts and in form, 244 
AA'ild cucumber (EcJn'nocystis) , tendrils 
of, 42 

AAblting, permanent, 173 
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Wind: adaptations favoring dispersal 
of seeds and fruits by, 295; a factor 
of environment, 316; pollination by, 
259 

'^Wind timber,” 816 
Wings of pea flower, 246 
Wolffia, 35 

Wood, 102, 115; fiber, 119; grain of, 
123; of hard maple, in section, 120; 
of pine, 118, 142; of red oak, sections 
of, 121; of Sequoia semper virens, 
photomicrograph of, 108, 115; rays, 
99, 112, 118; sorrel, palmately com- 
pound leaf of, 185; spring, 115, 118; 
summer, 115, 118 
Woodwardia, sori of, 517 
Woody plants, stems of, 95, 98 

X 

Xanthium (cockle-bur), hooked fruit 

of, 294 

Xanthophyll, 55, 348 
Xerophytes, type of, 13, 318 
Xylem, 88, 100, 103; of root, 160, 161, 
162; parenchyma, 88, 108; primary, 
105; rays, 99, 111, 119; secondary, 105 


Yeast, fermentation by, 432 
Yeasts, 431; ascospores of, 431 
Yucca brevifolia, 182; whipplei, a 
xerophytic plant, 318 

Z 

Znmia, 555, 556; life history of, 556 
Zea mays (Indian corn) : embryo sac 
of, in longitudinal section, 566, 667, 
669; grain of, 280, 293; pollen tube 
of, 666; prop roots of, 176; stem of, 
in cross section, 129; stigma of, show- 
ing path of pollen tube, 565 ; vascular 
bundle of stem of, 130 
Zebrina pendula (wandering Jew), 
plasmolysis of epidermal cells of, 72 
Zinc, 326 
Zoology, 3 
Zostcra, 536 
Zygnema, 358 
Zygomycetes, 407 
Zygospore, definition of, 345 
Zygote, 264, 346; of Rhizopus, 419, 421; 

of Spirocjyra, 369; of Uluthrix, 365 
Zymase, 359 




